Development and Construction of the Low-Energy Photon Tagger NEPTUN by Lindenberg, Kai




der Technischen Universität Darmstadt
zur Erlangung des Grades
eines Doktors der Naturwissenschaften
(Dr. rer. nat.)
genehmigte







Referent: Professor Dr. rer. nat. A. Zilges
Korreferent: Professor Dr. rer. nat. Dr. h.c. mult. A. Richter
Tag der Einreichung: 17. Juli 2007
Tag der mündlichen Prüfung: 19. November 2007
Abstract
Within the scope of this thesis a photon tagging system was designed and constructed at the
superconducting Darmstadt electron linear accelerator (S-DALINAC). The set-up consists of
a deflecting magnet, an array of focal plane detectors, the data acquisition system and new
beam-line components. The system provides tagged photons in an energy range from 6 MeV
to 20 MeV with the emphasis on best possible resolution and intensity. The absolute energy
resolution of photons at 10 MeV is better than 25 keV. With the current focal-plane detectors a
maximum rate of tagged photons of 104 /(keV ·s) can be achieved. An upgrade to more than
105 /(keV ·s) with an alternative detector array is under investigation.
The design values mentioned above are the requirements for planned experiments in the
fields of nuclear astrophysics and nuclear structure. The most important constraints which
have to be considered arise from the special demands of (γ ,n) reactions above but close to
the particle threshold which generates slow neutrons with energies of a few hundreds of keV.
The unambiguous assignment of slow neutrons to prompt electrons is done on-line in special
buffered time-to-digital converters. With a design of the data acquisition for this scenario one
also covers the requirements for experiments with prompt detection of the ejectiles such as in
nuclear resonance fluorescence and (γ ,n) far above the threshold.
This photon tagging system enables to measure (γ ,x) cross sections as a function of exci-
tation energy and decay patterns after particle evaporation. It is an important extension to the
high-flux activation experiments and the nuclear resonance fluorescence experiments below the




Im Rahmen dieser Arbeit wurde ein Photonentagger am supraleitenden Darmstädter Elektro-
nenlinearbeschleuniger S-DALINAC entwickelt und aufgebaut. Das System besteht aus einem
Ablenkmagneten, einem Feld aus Fokaldetektoren, einer neuen Datenaufnahme und mehre-
ren Strahlführungselementen. Es werden Photonen in einem Energiebereich von 6 MeV bis
20 MeV mit einer sehr hohen Auflösung von 25 keV bei 10 MeV zur Verfügung gestellt. Mit
den aktuell verwendeten Detektoren kann eine maximale Rate von 104 /(keV ·s) getaggter Pho-
tonen erreicht werden. Ein Ausbau mit anderen Detektoren wird gerade untersucht um diese
über 105 /(keV ·s) zu steigern.
Oben genannte Design-Werte sind die Anforderungen der geplanten Experimente im Be-
reich der nuklearen Astrophysik und der Kernstruktur. Die stärksten Bedingungen, die berück-
sichtigt werden müssen, kommen von den speziellen Anforderungen von (γ ,n)-Reaktionen, die
nahe oberhalb der Teilchenseparationsschwelle langsame Neutronen mit Energien von wenigen
hundert keV produzieren. Die eindeutige Zuordnung von langsamen Neutronen zu schnellen
Elektronen wird online in speziellen, gepufferten Time-to-Digital-Konvertern gemacht. Mit der
Auslegung der Datenaufnahme auf dieses Szenario werden die Anforderungen an Experimen-
te mit schnellen Teilchen, wie zum Beispiel Kernresonanzfluoreszenz und (γ ,n) weit über der
Schwelle, abgedeckt.
Dieser Photonentagger erlaubt es (γ ,x)-Wirkungsquerschnitte direkt zu vermessen und
Zerfallsschemata nach Neutronenabdampfung zu untersuchen. Es ist eine wichtige Erweite-
rung zu den Aktivierungsexperimenten mit hohen Flüssen und zu Kernresonanzfluoreszenzex-
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This work describes in detail the development process of the photon tagging facility at S-
DALINAC. The first four letters of the name “NEPTUN” stand for “Niederenergie-Photonen-
tagger”.
The chapters are organized as follows. This chapter gives a general overview about the
main research fields within the research centre of excellence SFB634 at the Institut für Kern-
physik (institute for nuclear physics) at the Technische Universität Darmstadt. The current
experiments will be outlined and their extension with a photon tagging system elucidated. Fur-
thermore the special experimental demands are explained. The second chapter will explain the
principle of tagging. This is mandatory for the comprehension of this work. It will also go into
the limiting factors for tagging. In chapter three the production of high energy photons with the
process of bremsstrahlung will be explained and a quantitative analysis of Monte-Carlo simu-
lations of photons and scattered electrons is given. With this data one can design the geometry
of the magnet, which is described in detail in chapter four. Here the focus is on the resolving
power of the magnet. Chapter five is about the detectors of the focal plane. The geometry and
the principle of operation will be explained. It also addresses the generation of the signals with
photomultipliers which were developed especially for this purpose. The data acquisition is one
of the most important parts of coincidence experiments. Chapter six discusses the demands
of coincidence experiments with slow neutrons and introduces the main electronic module for
this task. An extension of the electron-beam transport system with new beam control magnets
was necessary and chapter seven deals with the characteristics of the S-DALINAC and the in-
stallation of the system. In chapter eight the results of the first test experiments are presented.
Besides a direct measurement of the tagged photons with a high-purity germanium detector, a
method to measure the momentum spread of the electron beam was developed. Furthermore
examples of future experiments on nuclear resonance fluorescence and (γ ,n) reactions will be
given. The main part of the work closes with final remarks and an outlook to further devel-
opments and improvements in chapter nine. The appendices elaborate some details that are
referenced in the text.
1.1 Photoresponse of atomic nuclei
The photoresponse of atomic nuclei below and close above the particle threshold was stud-
ied at the S-DALINAC for more than ten years. The expression photoresponse embraces the
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Figure 1.1: The experimental photo-absorption cross section is the quantity that describes the
photoresponse of nuclei. For 208Pb this cross section is shown up to 18.5 MeV
excitation energy. The data was taken in different experiments. The solid and
dashed lines in the low-energy part up to 8 MeV stem from (γ ,γ ′) measurements
[Rye02]. The high-energy part was taken by [Vey70, Bel82]. Consider the different
units on the ordinate of strength of the low-energy part and the high-energy part.
The neutron separation energy of 208Pb is 7367.87 keV.
nuclear responses of an atomic nucleus to an external field of high energy photons. Besides
experiments at the old and new photon scattering facility [Zie90, Moh99], respectively, at
the S-DALINAC [Ric96] many experiments at other facilities such as Stuttgart Dynamitron
[Ham79], Rossendorf ELBE [Arn07], Duke HIγS [Lit97] and AIST Tsukuba [Ohg91]) have
been performed.
Figure 1.1 shows an example of a measured photoresponse below and above the parti-
cle threshold. The low-energy part of the spectrum below 8 MeV displays data taken from a
nuclear resonance-fluorescence experiment [Rye02] at the S-DALINAC. The high-energy part
was taken from experiments with two different photon monochromators. In [Vey70] the photo-
neutron cross section was determined by in-flight annihilation of positrons and electrons at the
Saclay linear accelerator. The fine structure between 9.9 MeV and 11.2 MeV was examined at
the Illinois tagged photon facility [Bel82]. The high energy resolution of a few keV in the low-
energy part is remarkable. The energy resolution for the photo-neutron experiments is about
100−200 keV.
The resonance between 8 MeV and 18 MeV is known as the giant dipole resonance. The
picture here is an anti-phase oscillation of the protons and neutrons in the nucleus. This is
the strongest excitation that is found in almost any heavy nucleus. The giant dipole resonance







Figure 1.2: These are the classical macroscopic descriptions of two important nuclear reso-
nances. On the left side the giant dipole resonance is shown, where the neutron
fluid (hatched diagonal down) oscillates against the proton fluid (hatched diagonal
up). On the right side the pygmy dipole resonance is shown, where a neutron skin
oscillates around an N-equal-Z core (cross hatched).
of the total strength.
A group of strong transitions below 6 MeV and a resonance-like structure around the par-
ticle threshold at 7.4 MeV is observed. The latter is interpreted as the pygmy dipole resonance.
A possible macroscopic picture of this mode is the oscillation of a neutron skin of the nucleus
against a core with equal numbers of protons and neutrons, see left side of figure 1.2. The
nature of the pygmy dipole resonance is still not understood very well and the details of the
underlying structure are a matter of ongoing discussions (see [Sav06, Kne06]). A detailed
description of this “three-fluid hydrodynamical model” can be found in [Moh71].
Furthermore another excitation is prominent in spherical medium heavy and heavy nuclei.
This so-called two-phonon excitation is a vibration of the surface of the nucleus, that can be
explained by a superposition of two phonons that describe a coupled vibration of the surface
[Str57, Boh57, Boh58]. See [Kne06, Zil00] for detailed reviews.
In figure 1.1 the neutron separation threshold at 7367.87 keV is marked with an arrow.
This means that at higher excitation energies the emission of a neutron is more probable than
the de-excitation by emission of a photon. A detailed investigation of cross sections for photo-
























Figure 1.3: The photon spectra of different production methods are compared. The brems-
strahlung and the synchrotron radiation spectra decrease exponentially with higher
energies and the energy distributions of Compton laser backscattering and positron
in-flight annihilation show a peak at the end of the spectrum. The end-point en-
ergies of bremsstrahlung and synchrotron radiation are chosen to be far above the
energies shown here to achieve reasonable photon rates between 7 MeV and 8 MeV.
1.2 Experimental set-ups
Experiments on the photoresponse of nuclei have to be distinguished by the energy distribution
of the gamma source and by the field of application. The energy distribution depends mainly on
the production method of the photons. The easiest way to produce high-energy photons is to use
bremsstrahlung of electrons. With this method one obtains a nearly exponentially decreasing
energy distribution up to the energy of the electrons. The method of Compton laser backscat-
tering produces a distribution with a maximum energy under zero degrees and decreases with
greater angles. The width of the distribution depends extremely on the scattering angle. Syn-
chrotron radiation produced by magnetically bended electron trajectories delivers a rapidly
decreasing exponential spectrum of photons. The in-flight annihilation of electron-positron
pairs can be used to produce a very sharp energy distribution, but due to the very low flux, this
method is not used as a workhorse for the systematic observation of the photoresponse. For a
comparison of the energy distributions see figure 1.3. In this figure the bremsstrahlung spec-
trum is produced by a calculation of electrons hitting a thin copper target at 10 MeV [Sch51].
The synchrotron-radiation spectrum is taken from [Uts05]. The electron energy is 9 GeV and
the magnetic field is about 8 Tesla. In this energy range it can be approximated by a Planck
spectrum at 3.5×109 Kelvin which has some importance for astrophysical applications. The
energy distribution of the spectrum of Compton laser backscattering [Uts06b] and positron in-
flight annihilation [Aud70, Arg84, Var04] is defined by the solid angle that is covered by the
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target. The electron energy and laser wavelength for this Compton laser backscattering spec-
trum are 555 MeV and 527 nm, respectively. The positron energy for the annihilation spectrum
is 7.6 MeV on thin metallic lithium.
The two fields of application that can be mentioned here are nuclear resonance fluo-
rescence (NRF) and photoneutron reactions. The details of the experimental procedures for
bremsstrahlung production and laser Compton backscattering are addressed in the following
sections.
1.2.1 Nuclear resonance fluorescence with bremsstrahlung
An ideal tool for examining excited states in the energy range up to the particle threshold is nu-
clear resonance fluorescence (NRF). Generally resonance fluorescence denotes the absorption
of electromagnetic radiation and the subsequent emission of radiation with the same wave-
length. In the majority of cases this phenomenon is described by excitation of a composite sys-
tem to a state with a higher energy level with a subsequent decay to the ground state. In atomic
nuclei one observes levels with high excitation probabilities in the energy range of a few keV up
to the particle threshold, above which the nucleus de-excites predominantly through emission
of a particle. For many nuclei this limit is at an energy of a few MeV. Because the transition
probability is a function of (R/λ )2l times the squared transition matrix element, where R is the
nuclear radius and λ is the wavelength of the emitted radiation, it is much harder to transfer
high angular momentum l [May92]. This gives a high selectivity in exciting low-spin states.
In spite of the definition nuclear resonance fluorescence is not only characterised by resonant
excitations and de-excitations but also de-excitations to intermediate states.
One obtains fundamental information on the strong interaction between the nucleons in
the atomic nucleus through excitation energies, lifetimes, angular momenta and parities. The
analysis of these quantities are based only on the theory of the electromagnetic interaction,
which is the best verified theory of interactions in physics.
In 1946 L.I. Schiff [Sch46] proposed to use a continuous γ-ray spectrum produced by a
betatron [Wid28, Ker40, Ker41] to perform nuclear resonance fluorescence experiments. A
beam of high-energy electrons is decelerated in a solid material to produce bremsstrahlung
photons. The converter target may be thick to stop all electrons in the target and to get a higher
photon flux or it may be thin to ensure that only one bremsstrahlung process takes place in order
to analyse the scattered electron or use the polarised off-axis bremsstrahlung. The shape of the
energy spectrum decreases nearly exponentially to an endpoint energy, which is the energy of
the accelerated electrons.
The use of bremsstrahlung produced by electron accelerators has two important features.
The photon flux scales directly with the electron current of the accelerator and it is in many
cases limited by the cooling technique of the bremsstrahlung target. Modern facilities reach
currents of about some tens to a few hundreds microamperes [Ric96, Ham79, Arn07]. The
resulting photon rate is typically 106 photons keV−1 s−1 for 3 MeV photons [Moh99, Kne06].
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Besides this a continuous photon spectrum enables to excite all states up to the endpoint energy
simultaneously depending on their transition probability.
Many experiments with thick converter targets have been performed at the S-DALINAC
with excitation energies up to 10 MeV (see e.g. [Har00, Har02, Bab02, Rye02, Har04, Vol06]).
1.2.2 Nuclear resonance fluorescence with laser Compton
backscattering
Another method to produce high-energy photons is to use Compton laser backscattering of a
laser beam off accelerated electrons [San83]. After a head-on collision momentum is trans-
ferred from high-energy electrons to low-energy laser photons. When the product of the
Lorentz factor of the electron beam γ and the energy of the laser photon is small compared
to the rest mass of the electron the peak energy of the backscattered photon is given by 4γ2EPh
for γ ≫ 1. A strong dependence of this energy on the scattering angle results in a finite energy
resolution of (γθ)2. This means high-energy photons with small energy spread are produced,
in other words monochromatic photons. This collision also conserves the helicity of the in-
coming laser photon and Compton laser backscattering provides a photon beam that allows
experiments with polarised photons.
Several experiments have been performed at the laser Compton backscattering facility
HIγS at Duke University, Durham, e.g. [Sav05, Pie02]. This facility delivers about 105 high-
energy photons per second over the whole peak. With an electron energy of 500 MeV and a
laser wavelength of 379.4 nm a resulting photon energy of 12.2 MeV with an energy width
of 120 keV was obtained [Lit97]. These values are based on an incoming photon rate of 1018
photons per second and a pulse current of 1.2 mA with a repetition rate of 6 ·106 /s. The laser is
a tunable FEL at the same storage ring, so a smooth variation of the photon energy is possible.
The advantage compared to bremsstrahlung is the nearly monochromatic energy distribu-
tion of the scattered photons and nearly 100 % polarisation. So one can excite specific states
and analyse the decay pattern directly. Nevertheless the high flux of continuous bremsstrahlung
photons cannot be reached and it is not possible to measure a wide spectrum in one run.
For all nuclear resonance fluorescence experiments the detection of photons emitted by
the nucleus requires a very high energy resolution to resolve densely lying levels. A resolution
of the order of some tenth of a percent was available with the advent of the first high-purity
germanium detectors in the early seventies of the last century. The research on the development
was initiated at the Lawrence Berkeley Laboratory and General Electric [HPGE86]. In the
fully depleted germanium crystal the production of a electron-hole pair consumes about 3 eV
of energy. So about 5× 105 electron-hole pairs are produced by an incoming photon with an
energy of 1.5 MeV. Because of the high correlation of the individual pair-production processes
among one another (Fano factor) the absolute resolution is about 2.5 keV. This is ideal for the
examination of nuclear γ rays.
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1.2.3 Photo-disintegration reactions for nuclear astrophysics
At excitation energies above the particle threshold particles can be emitted by a nucleus. To
study (γ ,x) experiments generally two methods are used. The first method is to measure the
ejectile of the reaction directly with an appropriate detector. This needs a good shielding of
the gamma background and much effort to distinguish different particles such as pulse shape
discrimination, time-of-flight measurements and energy-loss measurements. Amongst others a
reasonable energy resolution for the detection of the ejectiles enables to draw conclusions for
an energy dependence of the reaction cross section.
At the S-DALINAC the technique of photo-activation is used to study (γ ,x) reactions
[Moh00]. The activation of the target is done by (γ ,x) reactions and the target contains the
accordant daughter nuclei. Then, beta decays to excited states of daughter nuclei follow and
the final gamma decays to the ground state are measured with high-purity germanium detectors.
With the radioactive decay law this allows to count the activated nuclei and to calculate the in-
tegral reaction cross section. This method is restricted to nuclei whose reaction chain includes
a beta decay with a half-life between some seconds and a few years. At the photo-activation
set-up at the S-DALINAC the lower limit for the half-life is some minutes. Additionally, the
beta decay must have measurable consequent gamma decays.
Both approaches lead to important contributions details of astrophysical network calcula-
tions of nucleosynthesis [Moh01, Vog01, Vog02, Vog03, Moh03b, Moh03a, Son03b, Son03a,
Son04, Uts06a, Uts06c].
1.3 Experimental advantages using a photon tagging
system
The explained methods for the production of photons with energies around the particle thresh-
old have several advantages.
A continuous bremsstrahlung beam can be produced very easily with a simple set-up at
an electron accelerator. The continuous spectrum itself has the advantage that a complete scan
of the excitations can be performed with only one accelerator setting. But in nuclear resonance
fluorescence experiments below the threshold one may need several experiments with different
endpoint energies to estimate feeding from higher states in the nucleus. Above the particle
threshold it is very difficult to measure an energy dependent cross section with high energy
resolution and integral cross sections are very sensitive to the endpoint energy especially near
the threshold.
As mentioned before, the method of Compton laser backscattering enables one to produce
a peaked photon spectrum at the desired energy. The width is mainly defined by the solid
angle that is covered by the target. One can reach a resolution of about 80 keV at 10 MeV
photon energy at the expense of photon rates. A high energy resolution at low photon rates
7
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Figure 1.4: The distribution of the reduced dipole excitation strength of 48Ca is shown. The
neutron separation energy is marked with an arrow at 9.945 MeV which was the
detection limit for the experiments. The strength is predominantly located close to
this energy. The data are taken from [Har02].
requires very long beam times and to cover a range of 2 MeV about twenty runs with different
apparatus settings are needed. Furthermore, the required machinery is much more complicated,
as described above.
A photon tagging system enhances the production of bremsstrahlung by the determination
of the photon energy. The energy of nearly each produced photon is measured with high energy
resolution. Although the maximum flux is limited by this determination process, a much higher
rate than in laser Compton backscattering is obtained with respect to the energy resolution. Be-
sides that, the machinery could be kept very simple. In the past many photon tagging facilities
have been developed for different energies [Are82, Kno82, Kel85, Ter86, Adl90, Kra91, Ant91,
Det92, Vog93, Sob00, Nau03, Hir06]. This work has been inspired by many of them.
1.3.1 Nuclear-structure studies below and above the particle
threshold
The major part of the photoresponse in spherical nuclei up to the giant dipole resonance is gov-
erned by electric dipole excitations. In the last few years the experimental investigation of the
strength below the particle threshold gave important details of the pygmy dipole resonance. A
systematic study of the structure in many nuclei has been performed below the particle thresh-
old [Rye02, Zil02, Har04, Vol05, Vol06]. Preliminary results show that the simple description
of the three-fluid hydrodynamical model of an oscillation of a proton-neutron core against a
neutron skin cannot be confirmed. Other experiments with α scattering on 140Ce [Sav06] even
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show a structural splitting of the pygmy dipole resonance.
All these studies have been limited by the particle threshold because of the restriction to
the detection of the gamma rays emitted by the excited nucleus. But data of some nuclei give
rise to the assumption that part of the pygmy dipole resonance is above the particle threshold.
In figure 1.4 the evaluated distribution of the reduced electric dipole excitation strength of the
doubly-magic nucleus 48Ca is shown. The neutron separation strength at 9.945 MeV is marked
with an arrow. One clearly finds that the main part of the strength is located close below the
threshold. There is no strong flattening towards the threshold, so it is important to measure
the characteristics of the photoresponse of those nuclei above the threshold to understand the
structure.
Above the threshold nuclei prefer to decay by particle emission. Since the particle detec-
tion with high energy resolution is not possible close to the threshold one can countervail this
by determining the energy of the exciting photon. The tagging facility allows to study nuclear
structure below and above the particle threshold with high energy resolution. The cross section
of the reaction with the target nucleus and the decay pattern of the target nucleus or its daughter
nucleus can be measured systematically with high precision.
1.3.2 Determination of astrophysically relevant cross sections
Collective dipole excitations of neutron deficient nuclei offer an experimental access to the nu-
cleosynthesis of the elements. They allow realistic estimates of temperature dependent (γ ,n)
reaction rates and therefore (n,γ) reaction rates via detailed balance [Rau00]. Figure 1.5 shows
the stellar photon bath as a Planck spectrum and a typical (γ ,n) cross section that covers the
giant dipole resonance. The reaction rate is the product of the photon distribution and the cross
section. Due to the exponential decrease of the photon distribution with the energy and the
threshold behaviour of the cross section only a small energy region yields significant contribu-
tions to the total reaction rate. This energy window is located above but close to the threshold.
This Gamow-like window is the astrophysically important photon energy range for the p pro-


















Figure 1.5: The Gamow window of (γ ,n) reaction rates in nuclear astrophysics is the peak close
above the particle threshold in the product of the photon flux in the stellar photon
bath and the nuclear (γ ,n) cross section. Due to the Planck distribution of the pho-




In the early fifties of the last century the first photon tagging spectrometer was developed. The
study of the production of protons by photons from light nuclei required essentially mono-
energetic photons for the incident spectrum because the conventional subtraction technique
of results from different bremsstrahlung spectra at different end-point energies was too in-
accurate [Per52, Gol53b]. Furthermore the fundamental nuclear theory needed results from
mono-energetic photon beams.
Weil and McDaniel [Wei53] used the synchrotron at Cornell University, Ithaca. This
facility had produced bremsstrahlung beams until several years ago up to endpoint energies of a
few hundreds of MeV. The tagging procedure is essentially a method for selecting or identifying
individual photons of a given small energy range out of a continuous bremsstrahlung spectrum.
This technique was originally suggested independently by Koch at Illinois and by Camac at
Cornell. As described in chapter 1 the production of bremsstrahlung is generally done by
scattering electrons at a radiator. For tagging facilities thin radiators are required to guarantee
single event processes. At Cornell the internal tagging method with a thin (250 µm) copper
target was used. The basic concept is as follows. A synchrotron is a storage ring for mono-
energetic electrons with a constant magnetic field in the bending magnets. If the electrons are
degraded by a thin radiator foil inside the synchrotron they produce bremsstrahlung. Ideally
an electron should not produce more than one photon by interactions inside the foil. To fulfil
this constraint the photon-production yield is some order of magnitude below one. After a
bremsstrahlung process the initial momentum p0 of the incident electron is shared between the
momenta of three particles, the emitted photon, pγ , the change in momentum of the scattering
nucleus, precoil, and the degraded electron, pe:
p0 = pe +pγ +precoil.
Due to its large mass the nucleus can take any recoil momentum, so the kinematic relation
between the final electron and the photon is not fixed to particular scattering angles. However
for the same reason the recoil energy is negligible and then from the conservation of energy it
follows
Eγ = E0−Ee. (2.1)
This simple equation points out the principle of tagging. The energy of the scattered electron is
linearly connected to the photon energy. If the energy of the electron is measured the energy of















Figure 2.1: The incoming electron beam, denoted with E0, hits the radiator with a constant
energy from left. In the radiator at most one bremsstrahlung photon is produced
and besides elastic scattering, no more interactions occur. The produced photon is
not deflected by the magnet and hits the experimental target for the nuclear reac-
tion. The reaction product is then detected. The degraded electron is bent to the
focal plane for momentum analysis. More than 99 % of the electrons do not per-
form an interaction in the radiator and leave the magnet without energy loss. An
electronic coincidence system assigns the reaction products and the appropriate de-
graded electron. Since the energy of the incoming electron is known one can easily
determine the energy of the photon that caused the reaction.
of each emitted photon is known. Apart from the energy definition of the incident electrons and
the energy resolution of the electron detection system, the accuracy depends on the additional
energy loss due to straggling in the radiator target. These open issues are discussed later.
At the Cornell synchrotron, the detection of the scattered electrons is done with only one
electron detector that is placed in the synchrotron ring near the beam line after the target.
Due to the energy loss after the bremsstrahlung process, the bending radius of the electron is
smaller than that of the main beam, and those electrons are deflected to the detector. The energy
range of detectable electrons is defined by the acceptance of the detector. The geometry was
chosen so that electrons of 120 MeV can be detected at a synchrotron energy of 310 MeV with
a resolution of about 50 MeV. The resulting tagged photon energy is 190 MeV with the same
absolute energy resolution.
At the external tagging facility a dedicated electron beam is used for the tagging method.
The advantage is that an optimised spectrometer can be used. The best energy resolution for
the electron detection is obtained with magnetic spectrometers with a high-rate detector array
in the focal plane. Details will be discussed in chapter 4. In figure 2.1 the principle of an
external photon tagging facility is shown. The first external tagging facility was built in 1953
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by Goldemberg [Gol53a] at the Illinois betatron. This was still a tagging facility with only
one tagged photon energy, but the tagging energy could be changed from zero to 19 MeV by
changing the energy of the incident electrons. Later the Illinois tagging facility was upgraded
with a focal-plane detector array [Kno82].
2.1 Tagging efficiency
An important quality feature of a photon tagging facility is reflected in the probability that the
energy of a produced photon is known. This intrinsic tagging efficiency εint can be written as
Nγ ,tagged = εint(Eγ) ·Nγ
where Nγ is the number of all primarily produced photons and Nγ ,tagged the number of tagged
photons. The intrinsic tagging efficiency is equal to the electron detection efficiency of the
magnetic spectrometer with the focal-plane detectors if the radiator target is thin enough so







with C−1(Eγ) as the sum of all produced photons for normalisation εdet is the detection ef-
ficiency of the focal-plane detectors that is nearly independent of the electron energy in this
energy range, I(ϑ) is the radial symmetric intensity distribution of the photon producing elec-
trons after the radiator. The parameter ϑ is the azimuthal electron angle
tan2 ϑ = tan2 θh + tan2 θv
with a parametrisation in the horizontal and vertical angles θh and θv, respectively. The hori-
zontal and vertical angular acceptance of the spectrometer is given by θhor and θver. In equa-
tion (2.2) the expression C ∫ Idθhdθv describes the fraction of electrons that are focused to the
electron detectors. This will be discussed in chapters 3 and 4.
The photons produced in the radiator target can be scattered afterwards at the collimator
borders or other material. Then the photon that hits the experimental target is not the tagged
photon. This background affects the experimental tagging efficiency. The ratio of primary





This ratio has to be estimated in Monte-Carlo simulations.
Background events in the electron detectors of the focal plane only affect the tagging
efficiency if the rate is too high for an unambiguous assignment of photon and electron. A direct
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correlation to the efficiency is only given if the background event is detected simultaneously
in the same detector element. As shown in section 2.2.2 at a rate of 106 /s the probability of
having events in a time window of 10 ns is less than P106 /s ·10 ns(0) = 1 % and can be neglected
at lower rates and better time resolution.
The tagging efficiency is not changed if the background event is detected simultaneously
in another detector element. If all events including the true coincidences are counted, this does
only lead to higher background which can be subtracted in the analysis. Those background
events that are counted without a true coincidence were taken into consideration with the intro-
duction of the experimental tagging efficiency on the condition that the corresponding photons
are produced as a consequence of the incoming electron beam. Additional uncorrelated back-
ground on the experimental side has to be regarded separately and has to be added to ˙NBG in
equation (2.3).
The difference between this definition of the tagging efficiency and that of other photon




is because the main trigger is generated by the focal-plane detectors and ε is the probability
that a photon is produced and hits the experimental target. Therefore, the direct comparison of
these quantities is not possible. This photon production probability is necessary to control the
electron current with the focal plane detectors. With high photon production probabilities the
absolute photon flux can be controlled with high accuracy. Remembering that the main trigger
of experiments at NEPTUN is generated by the experiment this precondition is not given.
2.2 Experimental constraints to the specification
This section describes the requirement specification and a rudimentary feature specification of
the photon tagging facility. The features and limits are described in detail within the main part
of this work.
As shown in figure 2.2 the neutron separation energies of most stable nuclei lie between
6 MeV and 14 MeV. The planned experiments, as described above, need photon energies from
close below to a few MeV above the neutron separation energy of the target. To accomplish this
requirement for many nuclei photon energies from about 6 MeV to 20 MeV have to be provided
with high energy resolution. To resolve the final states of the daughter nucleus after photo-
disintegration and to examine structures in the giant dipole resonances, the energy resolution
has to be as good as possible. An resolution of better than 25 keV at a photon energy of
10 MeV is possible, as described later. Nowadays there is no photon source for that energy
range with this high resolution. Other photon tagging facilities provide much higher energies
or not reach such an energy resolution [Adl97, Ant91, Nau03, Vog93, Sob00]. Of course the
photon rate should be as high as possible to gain enough experimental statistics for the analysis
14












Figure 2.2: Neutron separation energies of stable nuclei via the atomic mass number. Nearly
all nuclei have separation energies above 6 MeV. The light nuclei with lower sep-
aration energies are 2H, 6Li, 9Be, 13C and 17O. The heavy nuclei close below are
145Nd at 5755.29 keV, 149Sm at 5871.07 keV and 189Os at 5920.27 keV. The data
are taken from [Wap03].
in a reasonable time. A rate of 104 γ/(keV ·s) is the lower limit for most applications.
2.2.1 The superconducting Darmstadt linear accelerator for
electrons
The electron accelerator at the institute for nuclear physics is a recirculating linear accelerator
with superconducting radio frequency cavities (see figure 2.3 for an overview). The cavities of
the S-DALINAC [Ric96, Bru00] (Superconducting DArmstadt LInear ACcelerator) are made
of niobium which are cooled to 2 K and driven with a frequency of c/0.1 m≈ 3 GHz. The accel-
erator consists of an 10-MeV injector that can provide a current of about 45 µA. The injector
alone can be used for low-energy channelling experiments [Fre97] and the above mentioned
nuclear resonance fluorescence and photo-neutron experiments with high intensity.
The main accelerator increases the electron energy on each passage by up to 40 MeV.
Two recirculations are possible which leads to a maximum energy of 130 MeV. The electrical
power supplies of the cavities in the main accelerator allow currents of 20 µA for different
experimental facilities as shown in figure 2.3.
Besides the new photon tagging facility in the experimental hall, there are experiments
to derive nucleon polarisabilities from Compton scattering [Wat05], high-energy channelling











Figure 2.3: The accelerator and the experimental facilities are located in the basement of the institute for nuclear physics. On the
top of the picture of the accelerator hall is the electron gun and the injector. On the top-left side is the high-intensity
bremsstrahlung set-up HIPS at 1© for the previously mentioned experiments. Furthermore experiments with low-energy
channelling radiation and parametric x rays have been performed. In the lower part of the picture is the main accelerator
with the two recirculations. On the right side at the end of the accelerator hall is the beam extraction to the experimental
hall.
At 2© is a set-up for channelling and parametric x rays at high energies. 3© and 3a© is a shared location for experiments for
nucleon polarisabilities from Compton scattering and the new low-energy photon tagging facility. This part is also called
E5. At 4© and 5© are two electron spectrometers for electron scattering experiments.
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acceptance [Hum92] and the high-resolution energy-loss spectrometer LINTOTT [Len04].
Due to the frequency of 3 GHz the accelerator delivers virtually a continuous electron
beam. The bunch length is about 2 ps with a average bunch content of 2.1 electrons per nA.
The complexity of the beam control increases with the energy. For instance the so-called
single-pass mode without any recirculations is much easier to prepare than a three-pass mode.
Moreover the cavities should not be operated at the power limits, so one should consider the
simplest mode of operation for the new photon source.
2.2.2 Intensity and background estimate
The maximum intensity is generally not limited by the current of the electron beam, but rather
by the dead time of the detector system and random coincidences. Since the events are dis-
tributed uniformly in time the next-neighbour distribution is exponential, which can be derived
from the Poisson distribution.





Pλ t0(n) is the probability to have exactly n counts in a time span of t0 at a count rate of λ . To
get the next-neighbour distribution n is set to zero and
Pλ t0(0) = e
−λ t0, (2.4)
which describes the probability to have no events in t0.
Now the maximum rate per detector element can be calculated. Typical photomultiplier
tubes, which are used in this tagging facility have a signal width of about 10 ns [Kno00].
Pλ10 ns(0) = 0.99 = e−λ ·10 ns
⇒ λ = − ln0.99
10 ns ≈ 10
6 /s.
This result gives an estimate for the maximum count rate in one detector element.
In coincidence experiments one assigns events by their time stamps. The time of two
events can be assigned with an accuracy of better than 10 ns. The final tagging system will
contain 128 detector elements each with a maximum count rate of λ = 106 /s and a trigger
signal from the photonuclear experiment. The trigger signal has a few orders of magnitude less
count rate than the tagging system itself.
With a total count rate of 108 /s in the tagging system (128 detector elements with 106 /s
each) and the given total time definition t0 the next-neighbour distribution gives a probability
for a random coincidence of
PRC = 1−P108 /s ·10 ns(0) = 1− e−10














Table 2.2: This table shows the probabilities for different numbers
of random coincidences at a maximum count rate of
108 photomultiplier events per second and a time reso-
lution of 10 ns.
So for each true coincidence one or more additional background coincidences are registered
with a probability of 63.2 %.
Table 2.2 shows the probabilities for zero to four additional background events. The ad-
ditional background events are not a problem for the analysis because they are energetically
distributed uniformly across the whole recorded spectrum in the analysis. Compared to that the
true coincidences are distributed only in a few channels so the statistical weight of the back-





n ·Pλ t0(n) = λ t0 = 108 /s ·10 ns = 1.
This means that for one true coincidence one background event is registered on average.
˙NBG = ˙NTC
The peak-to-background ratio of a spectrum with uniformly distributed background is
defined as the rate of true events per sum of peak widths divided by the rate of background







If a spectrum width of more than hundred channels, which is one channel per detector
element, and a sum of peak width less than twenty channels is assumed a peak-to-background







is expected. For example the sum of peak widths can occur from seven peaks with a single
width of three channels. For Gaussian peak shapes the width is defined as
√
2piσ ≈ 2.5σ with
σ as the root mean square deviation. This definition is equivalent to a width of a rectangle with
the same height and area.
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Figure 2.4: Equation (2.5) describes the peak-to-background ratio in the raw spectrum of coin-
cidence experiments as a function of the signal-to-noise ratio of the trigger signal
PTC.
The optimum value deduced above can only be reached if only true coincidences occur.
Generally not every trigger signal belongs to a true coincidence. If the chance of a true coin-
cidence is the signal-to-noise ratio PTC the rate of true coincidences derives from the trigger
rate
˙NTC = PTC · ˙NT R.
All other events
˙N′BG = (1−PTC) · ˙NT R
are additional background events and with a probability of PRC = 1−P1(0) = 63.2 % the back-













The shape is plotted in figure 2.4. A peak-to-background ratio of better than Rp2b = 1/10
can be reached if the signal-to-noise ratio of the trigger signal could be kept above PTC = 1 %.
Thus the limit for the maximum intensity is based on the count rate of the detector el-
ements and the time resolution of the coincidence. To maximize the intensity only a small
energy range should be covered by one detector element. If a range of 25 keV is covered and




2.2.3 Coincidence experiments with slow particles
In nuclear physics generally the products of different nuclear reactions are detected. Often the
desired information about the reaction itself can only be obtained if more than one product
in one reaction or reaction chain is measured. The simplest method is to record all events
with a time stamp and then search the data for events with similar time stamps. But with an
accuracy of the time data of 1 ns and beam-times of several weeks the time has to be stored
as an 8-byte value. At a count rate of 108 /s the resulting data rate is about 760 MiB/s =
62 TiB/day. To record and store this amount of data one needs 62 hard-discs per day and more
than 99.9 % is useless background. So the general idea is to start the acquisition not unless two
or more different events occur simultaneously within a few nanoseconds that may be correlated.
This method reduces the background by a few orders of magnitude without losing too much
information.
A new problem arises when slow particles come into play. Although the time resolution
of the detection is in the order of some nanoseconds the time stamp itself does not define the
time of particle scattering or particle production. It depends strongly on the time of flight. If
the lower limit for the time of flight is a microsecond, then one possible solution is to reduce
the count rate of the tagging system to 2× 104 per second and per detector element or to use
a pulsed beam with a repetition rate of less than 1 MHz. With a pulsed beam one has to pay
attention to multiple produced photons from different electrons in one bunch.
In coincidence experiments with slow particles where the energy is known the information
suffices to calculate the time of the reaction. The method that is used with this tagging facility
is explained in chapter 6.
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As mentioned in the introduction, for a photon tagging facility bremsstrahlung is used as a
photon source. This chapter deals with the production of bremsstrahlung by electrons and a
simulation with the Monte-Carlo library Geant4 [Ago03, All06]. In the next section a general
overview of the interaction of electrons with a kinetic energy of a few million electron volts with
matter is given. The following sections describe some important properties of bremsstrahlung
photons and the scattered electrons. This chapter will finish with the requirement specification
of the electron spectrometer and the radiator target.
3.1 Interaction of electrons with matter
The interaction of electrons with matter is fully described by electromagnetic forces. For elec-
trons with an energy of a few MeV, three classes of interaction can be distinguished. First
of all, elastic scattering and quasi-elastic scattering, where atoms get excited but not ionised,
leads to a small energy loss and angular variation of a mono-energetic incident electron. No
other particles are produced. Particle production can occur with ionisation, (including Møller
scattering) and bremsstrahlung. Ionisation is considered as Møller scattering if the energy loss
is above half of the rest mass of an electron.
3.1.1 Collisional energy loss
The understanding of energy loss in the radiator target due to collisions is vital for the energy
resolution of the tagging facility. The resulting energy shift to lower energies leads to an ab-
solute correction of the detected electron energy and the energy spread contributes directly to
the total energy resolution. This energy loss can be described by the Bethe-Møller formula




























with Z and N = ρNA/A as atomic number and number density, that is expressed by density
ρ , respectively, Avogadro constant NA and molar mass A, electron rest mass and velocity me
and v, E as kinetic energy and the Lorentz factor γ = (E/mec2 +1). The quantity I is the mean
ionisation energy of atomic electrons, which is tabulated in [ICRU93]. For Z≥ 13 Sternheimers
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Figure 3.1: Shown is the relative energy loss dEdx /E for a given radiation length X0 as a function
of the electron energy. The distinction between ionisation and Møller scattering is
made in dependence of the energy loss per collision. If the energy transfer to an
atomic electron is more than the half of the rest mass of an electron the scattering
process is considered as Møller scattering. The calculation is made for lead with
Z = 82. Due to uncertainties in the radiation length the energy loss is given in units
of X−10 . The current value given in the Table of Atomic and Nuclear Properties of
Materials [Yao06] is X0(Pb) = 6.37 g/cm2. The data is adapted from [Yao06].
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[Ste66] parametrisation
I = Z ·(9.76+58.8Z−1.19) eV
can be used.

























The Bethe-Møller formula for electrons is based on the Bethe-Bloch formula for charged
particles [Bet30, Blo33] and therefore is a description for the average deposited energy and is
not useful for the energy loss of single electrons.
Due to the statistical nature of the scattering process, the energy transfer distribution de-
mands to be described by a probability distribution. In thick radiators the energy-loss straggling
distribution can be described quite well by a Gaussian distribution. For thin radiators the dis-
tribution can be described by Landau straggling [Lan44]. It is easy to see that the distribution
cannot be symmetric because there is a finite probability to lose any amount of energy from
zero up to its incident energy. The Landau distribution (figure 3.2) is characterised by the
average energy loss, the most probable energy loss and the full width at half maximum.
Landau straggling has two restrictive assumptions. The binding energy of the electrons
should be small compared to the typical energy loss in order to neglect the atomic structure.
This is only important for gaseous materials where a parametrised model by Urban [Lass95]
can be used. The other approximation is that the maximum energy transfer is considered to be
large compared to the typical energy transfer in a single collision. This problem is addressed
in the theory of Vavilov [Vav57]. In our case the typical energy loss is several keV with a
maximum energy transfer of several MeV, and the Landau theory is sufficient. See [OBri74,
Pri55, Cri70] and the Geant4 Physics Manual [G4PM] for review and discussion.
3.1.2 Radiative energy loss
Light charged particles such as electrons predominantly lose energy by radiation at the energies
used for the tagging facility, see figure 3.1. For thick radiators the characteristic length traversed
in matter is called the radiation length. After this distance an electron has lost all but 1/e of
its energy by bremsstrahlung. A parametrisation is given in [Tsa74]. The radiation length for
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Figure 3.2: The Landau distribution describes the energy-transfer distribution in a thin radiator.
The probability is plotted as a function of the energy transfer in units of the most
probable energy transfer 〈∆E〉. The distribution is normalised to the maximum.
The double-headed arrow denotes the full width at half maximum.
The important information is again not the mean energy loss but rather the energy deposit
distribution of a single process because this energy is the energy of the produced photon.






























where E0 is the energy of the incident electron, Ee the energy of the degraded electron, E =






















This differential cross section is plotted in figure 3.3 for a incident electron energy of 30 MeV
on a gold target. The Bethe-Heitler formula applies for very thin targets in which no other
effects occur. Important to notice is the dependence on Z2 that recommends high-Z materials
to get a high yield in produced photons. The heaviest material that can be created in-house in
very thin foils is gold, so all subsequent discussion is based on gold as radiator material.
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Figure 3.3: The differential cross section of the photon production in a very thin gold target
is plotted for the Bethe-Heitler approximation. The incident electron energy is
30 MeV. The end-point energy of the spectrum is the kinetic energy of the electrons.
Noticeable is the exponential decrease of the cross section in the middle of the
spectrum.
3.1.3 Angular distribution
The angular distribution of the scattered electrons is very important for the required acceptance
of the magnetic spectrometer. This in turn affects directly the resolving power and the quality
of the tagged photon beam, namely the tagging efficiency as defined before. Large scattering
angles require a large acceptance and a large acceptance generally leads to a worse resolving
power. To obtain an excellent energy resolution it is possible to choose a smaller acceptance
than required with the drawback of a low tagging efficiency. A small acceptance means that a
larger amount of scattered electrons is not detected in the focal-plane detector array.
The angular distribution of the photons does not affect the quality of tagging. However,
a large scattering angle means a low flux density of the photons, which requires larger targets
to cover as much area of the photon beam as possible. This can limit the tagging rate on small
targets. If the alternative definition of the tagging efficiency is used, this would result in a lower
tagging efficiency.
Electrons
Collisional Coulomb scattering of charged particles with nuclei or atomic electrons leads to
deflection by many small angles. At higher energies the scattering with nuclei dominates. The
Coulomb scattering distribution is well described by Molière’s theory of multiple scattering
[Bet53]. The result is that for small deflection angles the distribution has nearly Gauss shape
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and for large angles it behaves like Rutherford scattering. For this application it is sufficient to









respectively. Here d is thickness of the radiator, the other variables are denoted as before. The
accuracy is better than 10 % in the interesting cases.
Photons
The acceleration of charge in relativistic motion can be described within in the scope of classi-
cal electrodynamics [Jac98]. In quantum mechanics the classical power distribution turns into
a probability distribution for the emission of radiation. Actually, the sharp cut-off at short wave
lengths, as shown in figure 3.3, can only be described quantum mechanically, because the en-
ergy is quantised in doses of ~ω which form the photons. So the maximum energy of emitted
photons is ~ω = E0.
The emission of radiation can be understood easily in the following picture. A moving
charge with constant non-relativistic velocity has a slightly condensed electric field in forward
direction that can be neglected. So one can imagine an electric field that is moving in space.
After an abrupt stop of the charge a new electric field starts propagating with the speed of light
c, but the old field is still present at the distance of ct. In the transition region of both fields
the field intensity is very high and, most notably, the electric field changes very quickly on so
it induces a quickly changing magnetic field. A short electromagnetic wave has been created.
From this picture it is clear that no radiation is emitted in direction of the acceleration. At non-
relativistic energies the distribution is symmetric about the perpendicular emission direction.
At higher energies the emission is peaked toward forward angles.
For linear motion where the deceleration and the motion itself are parallel the distribution

















where ϑ is the observation angle with respect to the direction of motion of the incident electron.















with x as the scattering angle in units of γ−1. It is plotted in figure 3.4.
The characteristic angle of bremsstrahlung photons is the root mean square angle of this
relativistic limit given by
ϑchar =
√
〈ϑ 2〉= 1γ = E0/E
With every change of velocity in magnitude or direction, the classical electromagnetic
theory incorrectly predicts the emission of bremsstrahlung. In quantum mechanics the power
distribution (equation (3.1)) turns into a probability distribution. The probability distribution
above (equation (3.2)) is normalised to the probability that a photon is emitted in the electron
scattering process. The probability of photon emission is on the order of the fine structure
constant compared to elastic scattering.
In reality multiple scattering and emission of radiation are superposed. Because the de-
sired process is the emission of radiation the electrons perform about 1/α additional scattering
processes, where α is the fine structure constant. The handling of all processes is done most
easily by Monte-Carlo simulations.
3.2 Geant4
Geant4 (for GEometry ANd Tracking)[Ago03, All06] is a C++ library that covers all the main
aspects for an accurate simulation of the passage of particles through matter. In detail these
aspects are the geometry of the system, the materials involved, the fundamental particles of
interest, the generation of primary events, the tracking of particles through materials and elec-
tromagnetic fields, the physics processes governing particle interactions, the response of sen-
sitive detector components, the generation of event data, the storage of events and tracks, the
visualization of the detector and particle trajectories, and the capture and analysis of simulation
data at different levels of detail and refinement. Nearly all the mentioned items have been used
for simulating the scattering process in the radiator, the electron paths in the magnetic field and
all the interactions in the beam dump.
Besides theoretical descriptions of the interactions Geant4 uses experimental data tables
and parametrisations to process the interactions of the particles in the simulation. The inter-
action of electrons with different materials and thicknesses has been simulated. The thickness
of each material was ranged from 0.01 % ·X0 to 10.24 % ·X0 in steps of a factor two. In the
following only gold, nickel and aluminium are considered as representatives for materials with
high Z, medium Z and low Z.
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Figure 3.4: The upper picture shows the differential emission probability dP(x)/dx for incom-
ing relativistic electrons in polar coordinates and the lower picture the same linearly
as a function of the scattering angle x = γϑ . The maximum is at ϑ = (2γ)−1 and
the mean value is at ϑ = γ−1.
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Figure 3.5: Energy spectrum of the produced photons for gold and two different thicknesses
of 0.32 % ·X0 (lower spectrum) and 1.28 % ·X0 (upper spectrum). The yield is nor-
malised to fC and MeV.
3.2.1 Production properties of the photons
The typical energy of the incoming electron beam is 30 MeV. This energy is used to analyse
the production of photons with Monte-Carlo simulations, in order to determine the production
efficiency, the energy distribution and the scattering angle.
The energy distribution of the photons produced in gold with two different thickness is
plotted in figure 3.5 in a logarithmic scale. For thin targets the yield scales linearly with the
thicknesses and has the same shape for different materials.
Figure 3.6 shows the dependence of the yield on the thickness for three different materials.
The yield for a thickness of 0.32% ·X0 is about 20 % higher for gold (upper curve) than for alu-
minium (lower curve). This weak dependence is ascribed to the normalisation to the radiation
length.
An electron may produce more than one photon during its way through the target, so-
called higher-order photons. For a tagging facility one is only interested in first-order photon
production. With higher-order photons the energy of both, first order and higher-order photon
cannot be determined unambiguously, so the fraction of higher-order photons should be very
low. Higher-order photons with energies below 5 keV can be neglected, because this is below
the desired energy resolution. For different materials the fraction of higher-order photons is
shown in figure 3.7. To get a high tagging efficiency, the ratio should not exceed a value of
one percent. As found in the figure, the ratio is much higher for aluminium than for gold at
the same thickness. This militates clearly in favour of high-Z materials such as gold. There-
fore, the desired thickness is about 0.3 % ·X0. The expected photon production rate is about
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Figure 3.6: The yield for 10-MeV photons as a function of the thickness for three different
material. The upper curve is gold, the lower curve is aluminium and the middle
curve is nickel. The yield is normalised to MeV and fC.






















Figure 3.7: The ratio of higher-order photons to all produced photons is shown for differ-
ent thickness of gold (lower curve), nickel (middle curve) and aluminium (upper
curve). The kinks in curves stem from low statistics. The calculated points are at
the vertical dotted lines.
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Figure 3.8: The angular distribution of the produced photons for gold at 0.32 % radiations
length. The left axis of ordinates shows the differential spectrum normalised to
fC and mrad. The right axis shows the relative angular-integrated yield. The most
probable angle is 1◦ and the median is at 1.5◦.
2/(MeV · fC) = 0.2 ·104 /(s ·nA ·keV).
Figure 3.8 shows the angular distribution of the produced photons for gold with a 0.32 %
radiation length. The most probable angle is at 1◦ and the median is at 1.5◦. 90 % are within
the large angle of 4◦. For example, at a distance of 3 m from the radiator and a target radius of
3 cm a ratio of 13 % of all photons is covered.
In figure 3.9 the angular distribution of the produced photons is compared for three ma-
terials. The angles should be as small as possible to obtain a high photon density and a high
tagged photon rate at the experimental site. The distribution does not change much for different
materials and tends to be broader for lighter materials. The reason for this is the normalisation
to the radiation length.
3.2.2 Properties of the scattered electrons
To produce photons with an energy of 10 MeV an electron beam of 30 MeV is chosen and
the energy of the degraded electron is 20 MeV. The electron passes the radiator with the full
energy until a photon is emitted and then leaves the radiator with the decreases energy. From the
discussion above a lower limit can be assumed by choosing the low energy for the simulations.
To examine the scattering properties by a Monte-Carlo method, the energy loss of the
incoming electron was exactly 20 MeV. It would consume too much compute time to simulate
the full process that would require the simulation of a 30 MeV electron beam hitting a target
and considering only those electrons that have emitted a photon. The two important properties
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Figure 3.9: The angular distribution of the produced photons as a function of thickness and
three different materials. The lower solid lines denote the median of the distribution
and the upper dashed lines are for the 90-% limit. Shown are again gold (lower
curve), aluminium (upper curve) and nickel. The angle is not influenced much by
the choice of material. A slightly broader distribution is produced by lighter thick
materials.
needed for the specification of the tagging facility are the energy spread and the scattering
angle. Materials with different Z and thicknesses have been simulated.
Figure 3.10 shows a typical energy-loss spectrum of monoenergetic electrons after hitting
a thin target. The energy loss and the energy spread of different materials with different thick-
nesses are shown in figure 3.11. The full width at half maximum contains about 65 % of all
events for this energy distribution. Plotted is the width where 80 % of all events are contained.
The energy spread due to straggling has to be as low as possible. To obtain a resolution of
25 keV, this requires very thin targets. The maximum value for gold is about 0.32 % ·X0 and
for aluminium 0.10 % ·X0.
In figure 3.12 a typical angular distribution is shown. This defines the needed angular
acceptance of the spectrometer. For a quantification a value θ90 is defined that describes the
angle which contains the scattering angles of 90 % of all electrons. This is plotted for different
materials in figure 3.13. The angular distribution does not depend strongly on the material. For
all materials the 90-% limit is around 4◦ at a thickness of 0.32 % ·X0.
Finally in figure 3.14 the energy dependence of angular distribution is given for gold with
a thickness of 0.32 % ·X0 for scattering energies from 8 MeV to 20 MeV. With less energy the
scattering angles get larger which leads to a worse energy resolution of the tagging system, as
discussed in the next chapter. Nevertheless, the application is still possible without any other
disadvantages. The energy loss in absolute units in the target is the same for all the energies.
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Figure 3.10: The energy-loss spectrum of an electron beam with an energy of 20 MeV hitting
a gold target with a thickness of 0.32 % ·X0, the solid line, and 1.28 % ·X0, the
dashed line. The energy spread (FWHM) is 11 keV (26.5 keV for the thicker tar-
get) that affects the energy resolution of the tagging facility. The energy loss is
about 16.5 keV (72 keV for the thicker target).























Figure 3.11: The energy spread is plotted as solid lines and the median energy loss as dashed
lines for three different materials: gold (lower curves), aluminium (upper curves)
and nickel (middle curves). The energy spread is the width that contains 80 % of
all events.
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Figure 3.12: The angular distribution of an electron beam with an energy of 20 MeV hitting a
gold target with a thickness of 0.32 % ·X0. Remarkable are the large angles that
define the acceptance of the magnet. Here 90 % of the electrons are scattered at
angles smaller than 4◦.
















Figure 3.13: The angular distribution of the scattered electrons for different thicknesses and
three materials. The lower solid lines denote the median of the distribution and
the upper dashed lines are for the 90-% limit. Shown are again gold (lower curve),
aluminium (upper curve) and nickel. The angle is not influenced much by the
choice of material.
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Figure 3.14: For smaller scattering energies the scattering angles increase. Shown are the me-
dian scattering angle (solid line) and the 90-% limit (dashed line) for a gold target
with 0.32 % ·X0.
3.3 Specification for the target
From the theoretical discussion and the simulations of the last two sections, a high-Z material
such as gold is favoured to be chosen as radiator material. The thickness should be about
0.3 % of the radiation length which is 3.3 mm for gold. This results in an absolute thickness
of 10 µm. Gold targets with different thicknesses have been produced by vaporisation in the
detector laboratory of the institute for nuclear physics at TU Darmstadt. The thickness has been
measured by the energy loss of scattered α particles.
For this thickness the photon production yield at 10 MeV is 2 (MeVfC)−1 and the fraction
of higher-order photons is about 1 %. The median photon angle is 1.5◦ and 90 % are contained
within an angle 4◦.
The mean energy loss and the energy spread (80 %) of the degraded electrons are both
about 20 keV. More than 90 % of the electrons are scattered within an angle of 4◦.
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As shown in the previous chapter, the electron scattering angles are very large. To obtain a high
tagging efficiency the acceptance of the magnetic spectrometer has to be sufficiently large, as
well. In 1946 Richardson [Ric47] described a simple magnetic design with large acceptance
for β -ray spectroscopy. This design has been used for some other spectrometers, especially for
tagging spectrometers, e.g. [Kno82, Adl90]. The final design is shown by the CAD drawings
in appendix A.
4.1 Geometry
The geometry simply consists of two inclined plane pole faces. In the approximation of infinite
equipotential planes, the field is the same as that from a straight current flowing along the line
of intersection of the two planes. The magnetic field lines form arcs of circles around the
line of intersection as shown in figure 4.1. The figure shows the geometry of the magnetic
spectrometer. Disregarding the fringe field in front of the magnet all electrons, regardless of
their scattering angle, are bent back and focussed in the line of intersection, where the scattering
occurred. The magnetic field strength decreases with 1/r.
The magnetic field is piecewise cylindrically symmetric about the line of intersection.
Because the physical magnetic field does not have a sharp cut-off at the pole boundaries, this
symmetry is not valid in an exact analysis. The fringe field at the end of the magnet (right side




Figure 4.1: The electron is scattered in the radiator target with large angles. The electrons cross
perpendicularly the magnetic field lines inside the spectrometer and all electrons are
kept on a plane that contains the line of intersection.
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Figure 4.2: Shown is a rectangular with the area S lying in an equipotential plane between two
inclined pole faces. The coordinates z and r are the cylindrical coordinates of the
symmetry.
beginning can be reduced with passive or active magnetic shielding.
4.2 Focusing properties of inclined pole faces
First in this section the focusing properties of inclined pole faces are discussed and then ex-
tended by a region without magnetic field around the line of intersection. Due to the cylindrical
symmetry, cylindrical coordinates (z,r,ϕ) are used, where r is the distance to the line of inter-
section, ϕ the angle to the symmetry plane (mid-plane) and z the distance parallel to the line of





where B0 is the induction at r = 1. The field vector B can be expressed by the vector potential
A
B = ∇×A






with the area element dσ and the path element ds.
For the integration a rectangular area S with the surrounding path C lying in an equipo-
tential plane with the sides parallel to z and r, respectively, is defined. The coordinates are
P1(z1,r1), P2(z2,r1), P3(z2,r2) and P4(z1,r2). In this symmetry A reduces to one component






















4.2 Focusing properties of inclined pole faces
On the right hand side the integrals of all four straight paths are given. The second and the










(z2− z1) = [A(r1)−A(r2)] (z2− z1)
From S > 0 follows z1 6= z2 and with the boundary condition A(e) = 0 one obtains the simple
equation
A(r) = B0(1− lnr)
where A is parallel to z.
This can be used to calculate the relativistic equations of the electron orbits. From standard
literature [Gre92] the relativistic Lagrangian for a particle moving in static magnetic fields is
L = (1− γ−1)mc2 +q(Av)
where q = e and v =
√
r˙2 + z˙2 + r2ϕ˙2. With the vector potential derived above inserted,
L = (1− γ−1)mc2 +B0ez˙(1− lnr),































∂ z = 0




2ϕ˙, ∂L∂ϕ = 0












⇒ pϕ = γmr2ϕ˙ = const
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The equations of motion are obtained from the other variables
∂L
∂ r˙ = γmr˙,
∂L























∂ z˙ = γmz˙+B0e(1− lnr),
∂L













⇒ z˙ = B0eγm lnr +C. (4.2)
The constant C is chosen to satisfy z˙(R) = 0, when
C =−B0eγm lnR.

























































with the shown identification
























4.2 Focusing properties of inclined pole faces
It is convenient to express the coordinates in terms of the angle between the direction of









⇒ r = ReK cosψ . (4.4)
This is the equation of motion for r for the parameter ψ .































































Without loss of generality, let the source of emission lie at PS(r = rs,z = 0,ϕ = 0) and the
emission angles ψ = ψs and ξ = ξs. The quantity ξ is the angle to the meridional plane (ϕ =





= sinξ ⇒ a = rs sinξs.
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Figure 4.3: Shown are the electron orbits described by equations (4.11), (4.12) and (4.13). Here
ψs is set to pi/2 and K to the special value of 0.75, as described later. The relevant
region is r/rs ≥ 1 where the electrons enter the magnet perpendicularly.
From equation (4.4) the parameter R, which satisfies z˙(R) = 0, can be expressed by
R = rse−K cosξs .























where K = γmvB0e or
p = K ·eB0 (4.10)
is a dimensionless constant which describes physical conditions for the spectrometry, B0 is the
magnetic induction at r/rs = 1 and γmv as the momentum of the electron. For a homogeneous
magnetic field K = r, which can be derived easily from the combination of centrifugal force
and Lorentz force γmv2/r = evB. These equations are parametrised by the angle ψ between
the particle’s momentum and the z axis. The initial parameters at the source are rs, ψs and ξs.
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Figure 4.4: Both sides of equation (4.14) are plotted for graphical analysis. The set of curves
depends on the parameter K. The lowest curve is for K = 0.7420 and the top curve
for K = 0.7431. The difference in K from one curve to the next is ∆K = 0.001.
4.2.1 Relevant orbits for the spectrometer
As shown before, the source of emission lies in the line of intersection of the inclined planes.
With the assumption of the no-field region in front of the magnet, all electron orbits lie in planes
that are equivalent to the mid-plane, so ξs = 0. The electron orbits start at the entrance of the
magnet at r0, so rs = r0. In this special case the equations of motion (equations (4.7)), (4.8)






cosψ ′e(K cosψ ′)dψ ′ (4.12)
ϕ = 0. (4.13)
As expected the angle ϕ to the mid-plane always remains zero. The orbits have been tabulated
by means of the c library gsl [gsl06] and plotted in figure 4.3.
The plot shows the orbits in the mid-plane for infinite pole faces. The symmetry about the
z = 0 axis is used to get an image at z = z0 of the source at z = −z0. Since the spectrometer
starts at a distance r0 from the source as shown in figure 4.1 the electrons first follow a straight
line to the magnet and enter the field in different angles α . This gives a small shift in z. The
condition for the focus is
∆z(α) != r0 tanα
if the symmetry about z = 0 should be kept. This condition holds for the source and for the
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Figure 4.5: The equations of motion (4.11) and (4.15) are plotted in the shaded area denoted as
magnet. Outside the magnet the electron orbits are plotted as straight lines with the
corresponding boundary conditions. At r = 0 the vertical focus is indicated with a
dashed line, the target is located at r = 0 and z = 0 where the electrons are scattered.
Plotted are five different values of K, from 0.8K0 to 1.3K0 with K0 = 0.7426.
image. Then, the shift in z can be expressed by
∆z = z(ψs = pi/2)− z(ψs = pi/2−α)




cosψ ′eK cosψ ′dψ ′








This equation is analysed graphically in figure 4.4. It shows the left side in a set of curves
parametrised by K and the claimed unity. The lowest curve is for K = 0.7420 and the top curve
for K = 0.7431. The difference in K from one curve to the next is ∆K = 0.001. One clearly
sees that the optimal K varies with the entrance angle α , but the dependence is not very strong.
For an entrance angle of 4◦ the value of K is between 0.7430 and 0.7431 and for an angle of
0.5◦ the value of K is between 0.7423 and 0.7424. The central K is chosen to be
K0 = 0.7426.
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Figure 4.6: A magnification of two parts of figure 4.5 shows the quality of the focus in the z
direction. The left picture shows the focus for K = K0 and the right picture the one
for K = 1.2K0.
A variation in K of 10−3 for an optimal focus up to angles of 5◦ results in a momentum resolu-
tion of the same order, because of their linear correlation. For each K the difference is
∆∆z = r0 tanα−∆z(α).
In order to calculate the position of focal plane a shift of coordinates is performed to have
the source of emission at z = 0 and r = 0. Starting from equation (4.12) the new equation z′ is
z′(ψ) = z(ψ)− z(pi/2)−∆∆z(ψ)
z′(ψ) = z(ψ)− z(pi/2+α)− r0 tanα (4.15)
and plotted in figure 4.5 in the shaded area denoted as magnet. On the right side an electron
beam hits the radiator target at r = 0 and z = 0. Then the beam scatters to large angles. Shown
are scattering angles from −5◦ to 5◦ as straight lines before the magnet. Inside the magnetic
field the equations (4.11) and (4.15) define the electrons’ orbits. On the left side, outside the
magnetic field, the electrons follow straight lines again and are focused for different energies
on a nearly linear line.
Figure 4.6 shows the magnification of figure 4.5 in two points. A very high resolution can
be obtained for K = K0 compared to the focus for K = 1.2K0. A correct quantification is not
yet possible because of the large scattering angles used here, but a qualitative property is that
larger angles extend the size of a focus to the high-(low-)K side of the magnet if K is above
(below) K0. As seen before the scattering angles are much below 5◦ and so the focus quality
should be much better. Since this calculation does not concern the fringe fields, both conditions
are discussed and evaluated quantitatively in the section 4.3.
For the calculation of the horizontal width of the focal plane, the central orbits are calcu-




cosψe(K cosψ)dψ = Kr0 ·(eaK +b)
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Figure 4.7: The relative deviation of the approximation (e0.691∗K + 0.362) to the integral∫ pi/2
0 cosψe(K cosψ)dψ
with a = 0.691 and b = 0.362.
The relative deviation, given in figure 4.7, is less than a few tenth of a percent which is
sufficient for the determination of the focal plane.















It should be kept in mind that z is the distance to the line of symmetry at ψ = 0, so after the
coordinate transformation the spatial resolution is twice the amount. This value gives the width
for one detector element in the focal plane.
For dp/p = 10−3 the left-hand side of equation (4.16) is plotted in figure 4.8. It is remark-
able that the spatial width increases with K.
4.2.2 Parameters for the magnetic spectrometer
Since equations (4.11) and (4.15) only depend on r0 and K the opening angle of the magnet
does not effect the resolution or the geometry of the focal plane. To achieve a high resolution
and to minimise the detector size the focal plane array will be arranged around K = K0. The
scaling factor r0 is limited by the production costs of the magnet. It should be as large as
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Figure 4.8: The spatial width of scattered electrons with a relative momentum uncertainty of
10−3. The width increases with increasing momentum K.
possible to reach a high spatial resolution with reasonable widths for the detector elements. The
negotiation with the manufacturer allowed a maximum value of r0 ≈ 281.7 mm. The opening
angle of the magnet should be as large as possible to provide a large acceptance. But with a
larger angle the gap of the magnet gets larger at fixed r0. So the desired angle is as large as the
largest scattering angles of the electrons and photons. The angle then was chosen to be 8◦. A
larger angle would lead to larger gaps and, due to fringe effects, it would be more expensive to
obtain the desired magnetic field.
4.3 Fringe field consideration for real geometry
In the previous sections of this chapter all calculations have been made on the basis that the
electrons move abruptly from a field-free region into a region with perfect 1/r behaviour. For
magnets with air gaps of finite size this discontinuity could not be realized. Calculations and
approximations with realistic fringe fields have been undertaken extensively [Cog47, Lil63b,
Lil63a, Eng64] before the advent of the first computers that could perform extensive and accu-
rate ray-tracing calculations for charged particles moving in static magnetic fields.
For the motion of particles in the mid-plane, but not in equivalent planes (the median
planes) as defined before, the effect of the fringe field could be explained very intuitively. As
the particles are already bent in front of the magnet, see figure 4.9, they enter the magnet at
another angle and on other position. Both lead to shorter paths inside the magnet and the focal
point for K = K0 moves to larger z (smaller distance to the point of emission) and to larger r.
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Figure 4.9: Charged particles start from the bottom right side at the line of intersection of the
pole faces at the distance r0 from the magnet. The outer orbit is the calculated path
without the fringe field as discussed before. The inner orbit is the path that particles
would follow by presence of a fringe field.




S = c0 + c1s+ c2s2 + c3s3
and c1 as the dominating constant. The quantity s is the distance from the pole boundary in
units of the gap size. Different values for the constants can be fit depending on the geometry
and the position of the coils.
In figure 4.10 the field of a magnet with inclined pole faces with and without fringe fields
is shown. Details of the calculation with the commercial software package CST EM StudioTM
[EMS04] can be found in the diploma thesis by Jens Hasper [Has05] and in the bachelor thesis
by Anna Constantinescu [Con07]. The electrons move a relatively long path in the region of the
fringe field compared to the maximum depth, see figure 4.5. Although the focus is moved to a
shorter distance from the point of scattering, the focus quality does not suffer. A more severe
problem is the fringe field effect of vertically scattered electrons. In the ideal case (without a
fringe field) they are scattered to median planes that are equivalent to the mid-plane. Now all
the median planes have different field characteristics as shown in figure 4.11.
The perpendicular components of the magnetic field do not differ very much at the rise
until 85 % of the maximum. At the peak the strength increases up to 105 % for large angles (4◦
in figure 4.11) compared to the mid-plane. In this range electrons are bent stronglier with larger
scattering angles and the focus smears off to shorter distances. Additionally to a perpendicular
field component that does not deflect the particles out of the plane, there is a tangential field
component which leads to perpendicular forces. These trajectories could not be described as
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Figure 4.10: The magnetic field of the magnet is shown with and without fringe fields. The
sharp cut-off is at the pole boundary at r0. The fringe field calculation was done
with the commercial software package CST EM StudioTM [EMS04] and by the
manufacturer with the same results. This was done for the final geometry and


















Figure 4.11: The perpendicular (⊥) and tangential (‖) components of the magnetic field in a
median plane at 4◦ compared to the mid-plane (median plane at 0◦).
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Figure 4.12: The pole face design that was used for the calculation of the magnetic field. The
active field clamp is located on the left side and is surrounded by an excitation
coil.
those in the mid-plane, because in equations (4.7) to (4.9) the angle ξs is not equal to zero.
Generally a positive tangential value leads to a force that repulses from a median plane. This
force only takes effect if the momentum in the z direction is not zero. So it is important to
reduce the entrance angle. A quantitative analysis is done by ray-tracing, described later in this
chapter.
4.3.1 Fringe field reduction with active field clamps
To reduce the fringe field and optimise the focus quality, active field clamps have been designed
that generate a magnetic field in the opposite direction.
Figure 4.12 shows the pole face arrangement with the final position of the active field
clamps. The field of the clamps could be controlled independently from the main field.
Figure 4.13 shows the result of a calculation. It is clear that the entrance angle of the
incoming beam is reduced by reducing the fringe field, but the difference in the peak has not
changed at different median planes.
4.4 Particle tracking
Since the quantitative examination of the characteristics of the focuses of the real magnetic
field could not be done analytically, the best and easiest method is particle ray-tracing. For the
implementation of the ray-tracer some fundamental parts of the Geant4 library have been used.
The particle generation and the particle tracking through electromagnetic fields is the basis of




















Figure 4.13: The magnetic field with active field clamps is shown for the mid-plane and for a
median plane at 4◦. The magnetic field without clamps is shown as a dashed line
for the mid-plane. The clamps have been optimized to minimize the fringe field.
The current ratio of the exciting coils was 160 A/6 A.
Anna Constantinescu [Con07].
A sampled magnetic field of the manufacturer’s calculation was used with the final r0 of
281.7 mm. The table is a three dimensional vector field with 6.875 million coordinates. A
trilinear interpolation was used for coordinates between the given points.
For particle generation the position was always kept at a fixed point at the line of intersec-
tion of the pole faces. The direction was changed in a way that a realistic angular distribution
was obtained, comparable to that of a gold target with a thickness of 0.3 %X0. Due to symmetry
reasons only one half of the magnetic field was used to track one thousand particles.
4.4.1 Focus quality and resolving power
To quantify the resolving power planes of intersection with electron paths have been created,
which are perpendicular to the central electron orbits. The electron orbits appear as dots on
these planes as shown in figure 4.14. There are planes at different distances (from 40 mm to
−5 mm) from the line of intersection of the pole faces, where positive values are measured in
the direction to the magnet. The optimal spatial resolution is achieved at 1 mm behind the line
of intersection.
The resolution could be quantified by the standard deviation or by a width which contains
90 % of all paths. In the following the 90-% widths were used and all planes of intersection
have been searched for the horizontal minimum as shown in figure 4.14.
The spatial resolution and the relative momentum resolution are plotted in figure 4.15. It
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Figure 4.14: The evolution of the electron paths for the momentum K0 in the vicinity of its
focus. Shown are areas of 4 mm height times 1 mm width at different distances
from the line of intersection of the pole faces. The focus is at 1 mm behind the
line of intersection.
























Figure 4.15: The dashed line shows the spatial resolution on the left ordinate for different elec-
tron momenta for the magnet with r0 = 281.7 mm. The solid line shows the relative
momentum resolution in tenths of a percent at the right ordinate. The dotted line



























Figure 4.16: The height of the focal plane is plotted. Both curves show the standard deviation
from the symmetry plane. The minimum at K = 1.05 ·K0 is remarkable.
shows that a realistic angular distribution and the real magnetic field results with a resolution of
better than 0.1 % at a spatial width of less than 1 mm. This can be compared with figure 4.8. The
momentum K0 is defined as the momentum where the focus is again in the line of intersection

















with r0 = 281.7 mm. From figure 4.10 the value for B(r0) is 478 mT. This strength focuses
electrons with a momentum of p0c = 30 MeV in the line of intersection at r = 0. With these
parameters
K0 = 0.7412±0.003
which satisfies the no-fringe value of K0 ≈ 0.7426, see discussion in the caption of figure 4.4.
The uncertainty of almost one half a percent stems from the magnetic field and its interpolation,
which are also visible in the wavy shape of the curves in figure 4.15.
The focal height is plotted in figure 4.16. The curves show the standard deviation in the
vertical distribution. The total height is always below 10 mm. Remarkable is the minimum
at K = 1.05 ·K0, since the vertical focus is not at K = K0. This is a fringe field effect of the
tangential field component that is strong for large vertical angles, see figure 4.13.
The momentum resolution has been evaluated for scattering energies of 20 MeV. At lower
momenta the scattering angles increase (see figure 3.14) and the resolution decreases as seen
in figure 4.17. Nevertheless the tagging facility could be used at lower momenta.
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Figure 4.17: The spatial resolution decreases with increasing scattering angle (decreasing mo-
mentum) of the scattered electrons. Shown is the focus width for K = 1.1 ·K0 as a
function of the median angle of the scattered electrons. For the dependence of the
angles on the momentum see figure 3.14.
4.4.2 Position of the focal plane
The positions of all minima of the widths of each momentum form the focal plane. The geom-
etry is plotted in figure 4.18. Since the dependence of the z coordinate on the momentum K
is quite linear in this range, the corresponding momenta are given in the upper abscissa. The
geometry of the magnet limits the z range to −845 mm. The shape of the focal plane is rather
linear, so the construction of the focal plane is easy.
The sensitivity of the positioning is plotted for two momenta, K = 1.0 ·K0 and K = 1.1 ·K0,
in figure 4.19. On the left the focus for K = 1.1 ·K0 and on the right the focus for K = 1.0 ·K0 is
shown. Please note the aspect ratio of 40 mm for r to 6 mm for z. It shows that the focal quality
does not change much within 10 mm around the focus, so the sensitivity of the positioning of
the focal plane is not very high. The asymmetry of the distribution of the electron orbits in the
focus is remarkable. The width of the orbits on the left side of the median is much smaller than
the width on the right side. This means that there are more electrons that are bent to shorter
distances, and this in turn can be ascribed to the larger magnetic field for electrons with large
scattering angles, compare to figure 4.13.
4.5 Position of the radiator
The ideal position of the radiator is on the line of intersection of the inclined pole faces of the
dipole magnet. In the following the dependence of the focus on this position is studied.
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Figure 4.18: The geometry of the focal plane is plotted in coordinates relative to the radiator.
At the upper abscissa the according momenta relative to K0 are given. The de-






























Figure 4.19: The evolution of the electron paths in shown in the vicinity of the focal point. The
left plot shows the focus for K = 1.1 ·K0 and the right plot the one for K = 1.0 ·K0.
Note the aspect ratio of 40 mm for r to 6 mm for z. The middle line is the median
of the distribution and both outer lines mark the central 90-% region.
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displacement perpendicular to symmetry plane
displacement in beam direction












Figure 4.20: The effect of the displacement of the radiator on the focus quality is shown. The
ordinate shows the width that contains 90 % of all electron paths in the focus at
K = 1.1K0. The dashed line shows the displacement of the radiator in the beam di-
rection and the solid line shows the dependence on the displacement perpendicular
to the magnetic symmetry plane.
Figure 4.20 shows the effect of displacing the radiator on the quality. Shown is the 90-%
width of the focus at 1.1K0. The quality is very insensitive to longitudinal displacement in the
beam direction. This behaviour can be deduced from the small scattering angles relative to this
direction. In this direction the deviation from the cylindrical symmetry of the magnetic field is
not very large and the electron orbits are still near to a median plane orbit. The position of the
focal plane is shifted linearly to smaller r. The position in z direction does not change.
An offset perpendicular to the symmetry plane of the magnet has a larger effect on the
quality, but it is still good natured. At an offset of five millimetres the focal width remains
below one millimetre. The perpendicular offset leads to a large deviation from the cylindrical
symmetry, which worsens the focal quality. The position does not move very much. For a
radiator offset of 10 mm the focus shifts 0.3 mm to shorter distances (larger z). The shift in r is
below the resolution of the simulation (1 mm).
4.6 Position of the beam dump
Most electrons of the incoming beam do not loose much energy in the radiator foil, see fig-
ure 3.10. So a beam dump has to be installed for electrons that do not participate in the tagging
process. For low photon energies of about 6 MeV to 10 MeV the orbits of electrons not scat-
tered would hit the magnet’s yoke. So in the low-energy mode the electrons leave the magnet
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through a hole in the yoke. In this mode the ratio of the momenta of incoming electrons and
scattered electrons has to be kept.
In the high-energy mode, the electrons leave the magnet at the open rear side of the magnet.
Here a large beam dump can be used to operate more efficiently with a different K0 and the same
incoming beam momentum. The limits for these modes have been scanned by ray-tracing.
The spectrometer should be usable in the horizontal and vertical positions. In the vertical
position, the low-energy beam dump should stand on top of the magnet and dump electrons
with the lowest possible momentum. This momentum is at KBD = 1.38 ·K0. At lower momenta
the beam dump cannot stand stable on top of the magnet (see figure 7.4). The hole in the
yoke had to be small to minimise effects on the field shape and therefore the momentum of
the incoming beam is fixed to values around the value mentioned above. This means that
for a desired photon energy of Eγ the energy difference of incoming electrons and measured
electrons is Eγ and the momentum ratio has to be Ki/K0, which is, at relativistic energies, equal
to the energy ratio Ei/E0 where E0 is the energy corresponding to K0 and Ei is the energy of




First tests in low-energy mode showed that Ki could be varied by ±5 % without missing








In high-energy mode the electrons must not hit the yoke, so there is a minimum Ki for the
momentum of the incoming electron. From ray-tracing, this minimum is at Kmin = 1.7 ·K0.
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This chapter deals with the geometry and the position of the focal plane in consideration of
the focus quality and the resulting energy resolution of the tagged photon beam. Later on
different detection methods will be discussed and the functional principle of the chosen organic
scintillators explained.
5.1 The geometry of the focal plane
The electrons, degraded by the radiator and focused by the magnet, have to be detected in the
focal plane. All electrons in the relevant energy region leave the magnet nearly anti-parallel
to the incoming beam, see figure 4.19. This defines the orientation of the detectors to be
perpendicular to the magnet. The shape of the focal plane is given in figure 4.18 and it is nearly
a straight line. The usable range is from K = 0.915K0 at P(z,r) = P(−637 mm,106 mm) to
K = 1.095K0 at P(z,r) = P(−844 mm,−146 mm) which is limited by the available space inside
the vacuum chamber. The origin of the coordinates is at the radiator position. This space has
been maximised for the magnet’s geometry with the active field clamps. At K0 =ˆ 20 MeV/c
the detectable momentum range is 3.6 MeV/c at a length of ∆z = 207 mm and depth of ∆r =
252 mm. See table B.1 for the exact geometry.
The width of one focal-plane detector should be on the order of the spatial resolving power
of the magnet, in order to not decrease the possible resolution. In this case the ideal width is
0.7 mm with a resulting momentum resolution of 0.06 % at K = K0 and 0.05 % at K = 1.1K0.
Although the momentum resolution increases with higher K the upper limit is given by the
height of the magnet, since the interesting value is not the relative momentum resolution, but
the absolute momentum resolution. For the determination of the energy of the photons the
energy of the degraded electrons is a subtrahend, see equation (2.1), and this in turn leads to
lower energy resolution for the produced photons.
The resulting energy resolution for the photons is plotted in figure 5.1 for different ratios
of incoming electron momentum to degraded momentum. The resolution is evaluated in the
relativistic limit, where Ee = cpe, by neglecting the rest mass of the electrons. The given
momentum ratios are those of the different energy modes, see section 4.6. The resolution has a
minimum that moves to larger values of K/K0 on the focal plane with increasing Ki/K0, namely
the momentum ratio of incoming electron beam energy and scattered electron energy. For the
low-energy mode (Ki/K0 = 1.38) the uncertainty of the photon energy does not exceed a value
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Figure 5.1: The relative energy resolution of the produced photons for three different ratios of
incoming electron momentum to degraded electron momentum. The upper curve
shows the shape for the low-energy mode (see section 4.6), the middle curve is for
the lower limit in high-energy mode. The minimum in uncertainty moves to larger
momenta for larger momenta of the incoming electrons.
of 0.24 % across the focal plane, but increases quickly beyond 1.1K0.
5.2 The focal-plane detectors
Most widely used detectors for electron detection at high spatial resolution are plastic scintilla-
tors, multi-wire chambers, silicon detectors and maybe in the future diamond detectors. Plastic
scintillators generate optical photons by charged particles that ionise the material. For electrons
at 20 MeV the typical yields are two thousand photons per millimetre path in the material. The
light has to be transported with optical fibres to a photomultiplier tube. With typical collection
efficiencies, transportation efficiencies and quantum efficiencies about ten photons are expected
to produce a signal. The low overall yield requires a high accuracy in the construction and as-
sembling of the detection system. Typical time resolution is about a few nanoseconds without
dead time and the signal width is about 20 ns. An important advantage is the ease of fabrication
into desired shapes at very low costs. In addition, special fibres with quadratic cross sections
and an edge length of 1 mm are available [Yao06].
In gas filled wire chambers a particles produces electron-ion pairs along its path. In the
presence of electric and magnetic fields, the ionisation electron drifts to a collecting anode wire
where it is then accelerated by a strong electric field so that secondary ionisation occurs and an
avalanche follows. With a quenching gas the avalanche region could be kept localised and a
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Figure 5.2: The tagging electron hits from the left of the focal plane and scatters to one of
three detector elements in the backup plane. A tagging event is only generated in a
produced backup event with a focal plane event.
spatial resolution of about a few hundreds of micrometres at a wire spacing of 1 mm is possible.
The drift time is in the range of 50 ns/mm to 100 ns/mm, which defines the dead time of the
detector. The time resolution is in the order of a few nanoseconds. Because of the large dead
time, the rate is limited to a few 104 per second per wire [Yao06].
Silicon detectors are p− n junction diodes that are operated in reverse bias to form a
depleted region of mobile charge. This region is sensitive to ionising particles which produce
electron-hole pairs that could be measured. The strip width can be below one hundred microme-
tres, but the time resolution is around 25 ns with a very large dead time, which disqualifies it
for the use in the tagging facility [Yao06].
Polycrystalline diamond detectors, which are used in the same way as silicon detectors,
offer a very good time resolution of better than a hundred picoseconds at a maximum rate on
the order of 108 per second [Ber06]. These detectors rely critically on low-noise electronics
to allow a very low detection threshold. Unfortunately, it is not yet a standard application to
separate a single-electron event from noise at a high confidence level.
We have chosen scintillating fibres with photomultiplier tubes as detector elements in the
focal plane, because of easy handling, high rates, high time resolution and moderate costs. The
detector elements are quite cheap and can be tooled and handled by students. The expensive
components are the photomultiplier tubes, but they do not need to be adapted for different
experiments.
For different experimental demands the detectors can be arranged in different ways. The
normal arrangement is to have all detectors side by side in the focal plane to cover a broad
energy range. The trigger is generated from the experiment and in this case the energy infor-
mation of the focal plane is used. Because of the small time window random coincidences are
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very unlikely, see section 2.1. If absolute background should be reduced, for example if the ab-
solute photon flux should be controlled with the focal plane or the focal plane should generate
the trigger, a backup plane can be placed behind the focal-plane detectors, see figure 5.2.
A tagging electron hits the ith detector element Fi in the focal plane. The electron interacts
with atoms in the scintillating fibre and leaves within a small angle. At the distance where the
backup plane is located it is presumable that one of three detector elements of the backup plane
(bi−1,bi,bi+1) get hit by the electron within 100 ps. A tagging event (ti) is only generated if at
least one of those three backup elements report a hit.
ti = fi∧ (bi−1∨bi∨bi+1)
This tagging logic array (TLA) is based on a simple PLA. The TLA is not finished yet and only
needed if background has to be reduced.
5.2.1 Performance
There are three issues that have to be addressed in the realisation of the detector system. The
detector elements have to be small to provide a high spatial resolution, but the photomultiplier
tubes are much larger, so they could not be connected directly to the scintillating fibres. The
fibres have a short radiation length for the scintillating photons (X0 ≈ 42 cm) and cannot be
made very long to guide the light to the photomultiplier tube. Besides that, a long scintillator
would cause some bothersome side effects. A fibre-optic light guide must be used to guide
the light from the scintillators to the tubes. This in turn causes a loss of typically 50 % of the
photons at the additional coupling of the fibres. For easier handling the photomultiplier tubes
form the vacuum closure at the detector chamber, that can be replaced by a blind flange. A
sketch is shown in figure 5.3.
The performance of the detector system is limited by the photomultiplier tubes and by the
succeeding discriminators. A vital requirement to the photomultiplier tubes is the gain. Since
only about ten photons are expected from an electron hit in the scintillator the amplification
has to be large and have low noise to distinguish a hit from other single-photon events. Noise
is produced by thermionic emission and field emission of electrons at the cathode and the
dynodes. This noise appears as a so-called dark current.
The width of an amplified signal at the anode is about 15 ns at a maximum voltage of
80 mV. At a count rate of 106 /s the fraction of hits that occur within this width is about
1.5 %, see equation (2.4). These hits produce a pile-up and they cannot be distinguished by the
succeeding discriminator.
The constant fraction discriminators are embedded in the housing of the photomultipli-
ers which support the same differential signal standard (LVDS) as the data acquisition. The
processing time of the discriminators should be short, so that a count rate of 106 /s is possible
without considerable dead time. The tests showed that all requirements are fulfilled.
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Figure 5.3: Sketch of the arrangement of the scintillating fibres with light guides and photo-
multiplier tubes. The sensitive fibres are coupled with optical glue to the optical
fibres that guide the scintillation photons to the photomultiplier tubes. The light
guides are not connected with optical grease or similar to the tubes because is does
not increase the transmission probability, actually there is a small gap of 1−2 mm
to the tubes. Although photons leave the fibre at large angles up to 35◦ all photons
hit the large photocathode. The picture is taken from the diploma thesis of Jens
Hasper [Has05].
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Details on the focal planes detectors with simulations, tests and measurements, and the




The most crucial part of the tagging system is the data acquisition system. Especially for
coincidence experiments with slow reaction products additional effort is necessary to combine
a high rate of tagging electrons of about 100 MHz in total with possibly long ejectile detection
times of up to a few microseconds. The average electron count per ejectile detection is a
few hundred, and it is possible that fast particles produced later are detected before particles
produced earlier.
Experiments with tagged photons and only fast reactions products can be performed with
standard electronics, since the time difference of an electron hit and the detection of the reaction
product only fluctuates within a few nanoseconds and can be regarded as nearly constant.
6.1 Time characteristics of the different experiments
To assign the slow and rare reaction products to the prompt and frequent electrons the time
structure of the events is plotted schematically in figure 6.1. The points show all tagging elec-
tron hits, the hit history, in the focal plane within 500 ns with their energy on the left ordinate
and their time stamp with respect to the detection time of the reaction product on the abscissa.
The right ordinate shows the resulting energy of the tagged photons. Here an incoming beam
energy of 30 MeV is assumed. The recorded time is the time when the photo-reaction at the
target was initiated. Most reactions took place in a time span that is an order of magnitudes
shorter than the time resolution of the detectors and can be disregarded, so this time is the point
when the reaction product has left the target. Minimally the separation energy has to be ex-
ceeded by the photons to produce particles from the target. Additional energy is converted into
kinetic energy of the reaction products. The amount of kinetic energy depends on the excitation
energy of the compound nucleus, which leads to a correlation between the time-of-flight of the
detected ejectile and the energy of the tagged photon. This time-energy correlation is plotted in
figure 6.1 as a solid line with respect to the particle’s separation energy plotted as a dashed line.
The zero point in time is the detection time of the particle. It is clear that high photon energies
produce particles with high kinetic energies and short times-of-flight, which is at the right hand
side of the picture, and photon energies close above the threshold produce slow particles with
long times-of-flight. This in turn means that only those electrons accompany the detected par-
ticle where the time-of-flight information matches the photon energy. This is the case for only



































Figure 6.1: The detection times of tagging electrons for slow reaction products are plotted
schematically. The left ordinate shows the electron energy in the focal plane of
the spectrometer and the right ordinate the corresponding photon energy for an
initial electron energy of 30 MeV.
With the elapsed time on the abscissa the points form the history of electron hits
in the focal plane with their detection times and their energy. The detection time
is given with respect to the detection time of the reaction product. The dashed
line indicates a typical separation energy (right ordinate) for the reaction product
in the target.
The solid line shows the photon energy as a function of time of flight of the
reaction product. The strict relationship between photon energy and time of
flight separates good events from background events.
Here the time-of-flight condition matches exactly one electron hit. Other hits are
regarded as background and can be eliminated with high confidence or will be
assigned to later detected reaction products.
In this picture the distance from target to product detector is 1 m and the product
was assumed to be a neutron. The error bars are covered completely by the size
of the points.
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ment is not always possible. This background cannot be eliminated, but it is rather improbable
as discussed in section 2.2.2.
A target may remain in different excited states. Then the time-of-flight is not relative to the
separation energy but rather to the energy of the excited state. Those particles travel a longer
time to the detector and have to be assigned to electrons with lower energy. Without other
detectors it is not possible to distinguish between different excited states. The additional use of
other detectors would extremely reduce the maximum tagging rate and is out of the question.
The remaining option is to dump the complete history on every trigger from a particle detector.
This history contains the complete information on the electron hits, the energy and the time,
which span the phase space of this system. The area that is covered by one point is given by
a time resolution of about 5 nanoseconds and by an energy resolution of about 20 keV, which
corresponds to one detector element and therefore forms a fixed lattice on the energy axis. At a
rate of 106 per second per detector the chance of two events within twice the time resolution is
1 % and almost all hits can be separated. The average distance is one microsecond. Generally
at high tagging efficiencies for one trigger event one point in the full phase space is a tagging
electron that is located on a time-of-flight line. Other points are spread over the whole phase
space equally in time and exponentially in energy. At low background most electron hits are
gathered around the lines of time-of-flight for the different excitation energies. For known
separation and excitation energies the decision for which electron hit belongs to the trigger is
easy, but has to be done off-line. The next chapter deals with raw spectra where these energies
are not known.
6.1.1 Background estimation in raw spectra
The energy range of the full phase space of the photons is limited by the separation energy
of the particle at the lower end because no triggers are generated below this limit, and by the
energy of the incoming beam at the upper end. The time scale is limited by the time-of-flight of
a particle with maximum kinetic energy at the lower end. Generally this is a few nanoseconds
and could be approximated as zero. The upper limit is infinite.
The width of one detector element corresponds to an relative energy width of about 10−3
of the energy scale. Assuming a constant particle production yield from particle separation
to maximum energy, the probability that a trigger corresponds to one hit in the history of this
detector element is 10−3. So at a time resolution of 5 ns and a rate of 106 /s per detector element
the peak-to-background ratio is 1/5, compare to section 2.2.2. Then, the signal-to-noise ratio
would be 10−3, which is about two or three orders of magnitude smaller than the measured one.
Higher peak-to-background ratios are available on lower hit rates or better time resolution. A
higher spatial resolution does not reduce the ratio. The ratio is also reduced by a factor that is
the number of levels which are excited.
This estimate shows that it is possible to examine unknown states in nuclei as long as the
level spacing is high enough.
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6.2 The CATCH TDC
For the data acquisition a versatile module for buffering the hit history is needed. A brilliant
device for this purpose is the CATCH TDC.
The CATCH TDC has been developed at the University of Freiburg for the COMPASS
experiment at CERN [Abb07]. The TDC has a hit buffer, where 8 hits could be stored per
channel within a maximum time span of eight microseconds. The best time resolution is about
120 picoseconds. Without a trigger the TDC stores every event in a so-called ring buffer. On
a trigger event, the information in the ring buffer is converted to a NEPTUN event structure
or root data structure and written to a file. Details, exact wiring schemes with all electronics,
software and electronic development and all tests can be found in the diploma thesis of Michael
Elvers [Elv07].
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The S-DALINAC has some beam extractions from the main beam line in the experimental hall.
The tagging facility was built at E5, which is the first external experimental place behind the
accelerator, see figure 2.3. Here the beam is dispersion-free in the transverse direction which
allows one to develop an optimised dispersion-matching mode in the future. The relative energy
definition was only a few 10−3, and with additional slits at locations with high transversal
dispersion it could be reduced to 10−3 [Win93], which is still insufficient. Besides the energy
definition the spatial width and the position of the beam spot on the radiator target is vital. It
affects the momentum resolution of the magnet directly. Since the spectrometer is movable
special attention is needed for the control of the position.
7.1 Requirements and limitations of the accelerator
The most important requirements for the beam are the components of the beam vector at the
position of the radiator target. The beam vector is a six dimensional vector in a phase space that
describes all beam parameters at a point in the beam line. The components are the position of
an electron relative to the ideal orbit in the beam line in the horizontal, vertical and longitudinal
directions and the relative momentum deviations in all directions. The momentum deviations
in the transversal direction and the divergences describe the angle of the electron.
7.1.1 Emittance of electron beam
The electrons in a bunch have different vectors in this phase space. Under the terms of Gaussian
distributed positions and momenta of each electron the ensemble forms a hyper-ellipsoid at
each position in the beam line in the phase space. This ellipsoid can be described by a 6× 6
matrix, the beam matrix. Since only conservative forces act on the electrons after acceleration,
its volume does not change throughout the beam line and the determinant of the matrix is a
good quantity to specify the beam quality. The square root of this is the emittance. Each
spatial coordinate of the matrix is independent of all others. In the two-dimensional projection
to one spatial sub phase space, the conservation of volume means that at the expense of large
divergences the distribution of transversal positions could be kept small. Details can be found
in the diploma thesis of Steffen Döbert [Döb95].
At the beginning of the dispersion-free part of the beam line after the accelerator the
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transversal width of the beam spot is about 3 mm at an angle of 1.3 mrad [Par05]. As seen
in the last chapters the width must be below 1 mm to not reduce the resolution of the tagging
facility. Since the magnetic spectrometer has an acceptance that is more than one order of
magnitude larger than the divergence of the beam an increase does not cause trouble.
7.1.2 Energy definition and stability
The energy definition and stability can be ascribed to two parameters. The first parameter is the
longitudinal position distribution in a bunch during acceleration, the initial bunch length. The
acceleration is done by standing waves in the radio-frequency cavities and the bunch distance
is exactly the wavelength of 100 mm. At maximum elongation, the centre of a bunch is at
the anti-node, where the electric field intensity has a maximum. Electrons at other positions
are accelerated less and so there are slightly different energies in a bunch. After acceleration
the half-length of a bunch is about 0.6 mm [Loo95] which results in a minor acceleration of
2 ·10−7. This is far below the needed relative resolution of about a few 10−4.
The main errors derive from instabilities in the radio-frequency control units of the ac-
celerator. There could be long-term shifts because of, for example, temperature fluctuations,
fatigue of material or other external influences with time constants of more than a second. The
short-term fluctuations can arise from other electromagnetic fields which induce a disturbance
or by the radio-frequency control process itself [Pla04].
Electrons with different momenta take different orbits through the beam line and therefore
have different transit times. This results in a longitudinal dispersion which can be measured
by phase shifts between two radio-frequency cavity resonators. The electron beam excites
transversal magnetic modes in these cylindrical cavities. To increase the long-term energy
stability, one rf monitor is located directly behind the accelerator and the other before the tag-
ging facility [Par05, Ara05, Döb99]. The minimum phase shift that is detectable with standard
electronics is 0.3◦. To maximise the energy resolution the longitudinal dispersion has to be
maximized without an enlargement of the transversal beam size. The main beam line was ex-
tended by two quadrupole magnets [Par05] and a longitudinal dispersion of 12 mm/% could
be reached. The relative energy resolution at the detection threshold for the phase shift is about
7 ·10−5. The measured phase shift will be used to adjust the accelerator cavities. This method
allows an energy stability on a time scale of a few hundred milliseconds. The installation and
tests are already in progress and will be finished during 2008.
With the redesign and extension of the main beam line the transversal beam size has been
further decreased and much less background is produced in the walls of the beam pipes by
outer electrons. This is a great benefit for the tagging facility.
7.2 New beam line
7.2 New beam line
The extraction E5 has been used so far only for experiments with untagged photons. The con-
version of electrons to photons took place a few meters behind the main beam line. Now tagged
photons should be produced in the tagging facility far away from the main beam line and the
vacuum system has to be extended to the tagging facility. The volume of the magnetic spec-
trometer is connected to beam vacuum, so additional pumps with very high flow rate had to be
installed. The leakage rate is dominated by the vacuum chamber with the 128 photomultiplier
housings and is about 10−3 mbar · l/s [End07]. To obtain a maximum pressure of 10−6 mbar,
which is sufficient at the end of the beam line, the flow rate of the pump has to be about 103 l/s.
So a cryogenic pump was installed at the scattering chamber, where the radiator foil is located.
7.2.1 Additional quadrupole magnets and beam control on the
target
To focus the electrons with small widths on the radiator foil quadrupole magnets can be used.
At least two magnets are needed because if a quadrupole magnet focuses in one direction
angles in the perpendicular direction are enlarged. By combining two quadrupole magnets it is
possible to get a focusing doublet for both directions. The distance of the last quadrupole triplet
in the main beam line to the radiator foil is about 15 m. This distance is too long to focus the
beam spot because to obtain large angles the beam width at the position of the triplet has to be
very large, larger than the diameter of the beam pipes, so additional quadrupole magnets have
to be installed near the radiator. With a doublet at a distance of about 2.5 m from the foil a beam
width of better than 0.4 mm is possible. Details can be found in the diploma thesis of Stefan
Paret [Par05]. The beam angles are still one order of magnitude smaller than the acceptance
of the spectrometer, therefore this is negligible. The position is insensitive to small energy
fluctuations because there is no transverse dispersion. Larger energy fluctuations influence the
energy definition directly.
To control the beam position on the radiator foil a combination of two dipole magnets
is installed behind the quadrupole doublet. These steerer magnets are aligned so that their
magnetic fields are perpendicular and can be excited bipolarly. This allows one to control
the position on the target in a range of a few centimetres. The needed range is only a few
millimetres.
7.3 Beam dump
The total yield of the photon production is only a few percent, see figure 3.5, so almost all
electrons do not loose much energy. In the high-energy mode the electrons can leave the magnet
at any point of the open rear side of the magnet. In the low-energy mode the electrons of the
71

















Figure 7.1: Stopped electrons in a block of graphite. The initial energy was 30 MeV. Each point
stands for one stopped electron with the depth on the abscissa and the deposited
energy on the ordinate. Points above the zero line are primary electrons and points
below the zero line are secondary electrons.
main beam leave the magnet at 114◦ through the yoke of the magnet. Since the magnet is
installed vertically the beam dump has to be installed on top of the magnet. Here the beam
dump is near the focal-plane detectors and the photomultiplier tubes where background is very
annoying. Its size should be very small to allow easy handling with the crane. A simplification
is possible if no absolute currents are needed. Then the electron beam does not need to be kept
in vacuum and there does not need to be a tight connection of the beam dump to the vacuum
chamber.
7.3.1 Simulations
As discussed in chapter 3, low-Z material produces less bremsstrahlung than heavy material.
The primary electron beam should be stopped completely in a core of carbon, namely graphite
with a density of about 2.0 g/cm3. The absorbed power is only 3 W at an energy of 30 MeV and
an electron current of 100 nA. Although it depends on the absorbing volume, cooling should
be unnecessary because the thermal conductivity is more than six times higher than austenite
steel and twice as high as iron.
Electrons
An electron beam with an energy of 30 MeV hitting a block of graphite has been simulated
by Geant4. Figure 7.1 shows the depth where each electron has been stopped and the energy
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deposited to the material. Each point stands for one electron. All (99.4 %) primary electrons
(points above the zero line) are stopped within 100 mm. Electrons produced by further pro-
cesses (points below the zero line) are not stopped at a threshold, but the amount decreases
continuously. One primary electron produces about thirty secondary electrons with lower en-
ergy, where about the half is also stopped within 100 mm. The transmission of secondary elec-
trons decreases nearly exponentially with the depth. 96 % of the electrons that are not stopped
within 100 mm have energies below 500 keV. This fraction decreases slightly at larger depths.
The amount of backscattered secondary electrons can be neglected. From the simulations it is
about 0.1 % relative to the primary electrons.
The deposited energy of the electrons was averaged over spatial cubes with a volume of
1 mm3 and checked for maximum power density. The power density does not exceed a value
of 12.3 mW/(mm3µA) and is located in a cylindrical volume of radius 1 mm and a depth of
25 mm directly at the point where the electrons impinge. Outside this volume the power density
is less than a half of the maximum and vanishes very quickly. This power has to be led away by
the thermal conductance of graphite which is about λ = 160 W/(K ·m). Assuming an infinite
cylinder with a radius of l0 = 1 mm and a constant power density of the above given value
the thermal power is about 3.9 mW per millimetre length per microampere. The differential
thermal resistance is
dR = λ−1 dl
A(l) ,
where A(l) is the conducting area, name the surface of the surrounding cylinder A(l) = 2pil ·h,
and l the conducting length. After integration, for the total conductance it follows that
G/h = R−1/h = λln(l/l0)
= 23 mW/(K ·mm)
with a large l = 1000 mm. The ratio to the thermal power of 3.9 mW/(mmµA) gives the tem-
perature difference of the hot spot to a point at a distance of 1000 mm. A value of 170 mK/µA
shows that cooling is unnecessary.
Photons
Although graphite is used as a beam-dump core, the electrons stopped in matter produce at this
energy a large amount of bremsstrahlung. From simulations, on average 1.1 photons with ener-
gies of more than 25 keV are produced per electron. The energy spectrum is a bremsstrahlung
spectrum as described in chapter 3 with the endpoint energy at 30 MeV.
For further shielding the energy-angle distribution of the produced photons is interest-
ing. Figure 7.2 shows that high-energy photons are emitted at small angles in the forward
direction. At energies around 10 MeV and angles around 0◦ an accumulation of photons is
identifiable. Plenty of backscattered photons with angles above 90◦ are produced with energies
below 500 keV. The albedo is 66 % which requires a special design of the beam dump, to not
let these backscattered photons hit the focal-plane detectors or the photomultiplier tubes.
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Figure 7.2: The energy-angle distribution of the photons that are emitted in the graphite core
of the beam dump. The abscissa shows logarithmically the photon energy and the
ordinate the emission angle with respect to the incoming beam. A high-energy bulk
can be identified at zero degree and 10 MeV. The backscattered photons at more
than 90◦ have energies below 500 keV.
Photons can be absorbed with high-Z material, such as lead, which surrounds the carbon
core. The absorption coefficient of photons in lead has a minimum at 4 MeV with 1 cm−1.
At higher energy the pair production raises the coefficient slightly. At lower energies photo
absorption predominates the interaction. At 500 keV the coefficient is about 2 cm−1 and the
transmitted intensity decreases exponentially with the thickness. So for the backscattered elec-
trons only the half of the thickness of lead is needed compared to the forward direction.
The simulation of the graphite core with lead walls produces as well some neutrons, but
the count rate is negligible. The neutron production yield is 10−4 per incoming electron.
7.3.2 Design
As mentioned before, the magnetic spectrometer is installed vertically and the beam dump has
to be on top of the magnet as shown in figure 7.4. Then an additional handicap is that the
distance to the focal-plane detectors cannot be very high. For stability reasons the centre of
mass has to be kept low and the total weight should be below 1.5 t to ensure easy handling.
The shielding of photons emitted in forward direction from the graphite core is simply
done by placing a thick lead wall behind the graphite. The shielding of the backscattered pho-
tons is complicated because they can always leave the beam dump where the electron beam has
entered and the entrance has to be large to allow different magnetic field strengths in the spec-











Figure 7.4: On top of the magnet
is the beam dump, which con-
sists of a graphite core and is sur-
rounded by lead. The geome-
try is designed so that all brems-
strahlung photons produced in
graphite and emitted in the direc-
tion of the focal-plane detectors
or photomultiplier tubes have to
transit a long way through lead.
The angles of the lead walls are
chosen to keep to total size small.
is aligned nearly vertically so that every particle that is scattered in direction of the focal-plane
detectors or the photomultiplier tubes has to transit a long way through lead. The base of the
graphite core is as well shielded with lead bricks. The back wall (the left lead wall in the pic-
ture) and the two side walls are simply made of lead. A much simpler design with four vertical
walls and a horizontal roof, that has the same shielding properties, is possible, but would be
much larger and heavier.
Beneath the beam dump a 10 mm thick plate made of polyvinyl chloride (PVC) with a
very high electrical resistivity of 1015 Ωm allows one to measure the electronic current of the
stopped electrons.
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8 First test experiments
The first test experiments with electrons from the accelerator have been performed in December
2006. Besides of detecting tagged photons directly an important aim was to check the perfor-
mance of the tagging facility and to determine the experimental constraints. Later an overview
is given on experimental parameters for future experiments.
8.1 Performance of the system
The experimental constraints of the spectrometer are important for every experiment planned
with the tagging facility. Here the focus is on the range of the spectrometer in low-energy mode
and produced background. The energy resolution is discovered to be the energy resolution of
the accelerator, which is not the limit of the tagging facility. A method to estimate the momen-
tum spread of the accelerated electrons is given on the basis of beam profile measurements.
8.1.1 Spectrometer range
As discussed in section 4.6 in low-energy mode the spectrometer range is limited by the small
hole in the yoke of the magnet. The size of the hole was limited by the quality of the magnetic
field in the spectrometer, but there is still a small range of the magnetic field which bends the
electrons of the main beam to the beam dump, compare figure 7.4.
For this measurement the incoming electron energy was 28.2 MeV and the beam was bent
into the beam dump at a coil current of about 104 A which corresponds to a maximum field of
294 mT. The data was taken with a radiator, because the large scattering angles broaden the
beam which reduces the range.
To measure the momentum range that could be detected by the spectrometer with a fixed
beam energy, the magnetic field was altered and the beam current measured in the beam dump.
Having too high or too low magnetic field strength the beam dump was not hit and the current
decreased.
As seen in figure 8.1 there is a 10-percent range within which the beam dump was hit. The
range from 99 A to 108 A corresponds to the momentum range of 20.6 MeV/c to 22.6 MeV/c in
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Figure 8.1: The current in the beam dump at different magnetic field strengths and the same
beam energy. The beam current measured in the beam dump is a good quantity to
show how well the beam is led through the magnets hole. Only the points corre-
spond to measured values. The lines are only eye guides.
which has to be compared with the calculated value of KBD = 1.38 ·K0 in section 4.6. The
difference is explained by the active field clamps that have not been excited by the additional
correction coils in this test.
The slight loss of beam current at coil currents higher than 104 A could not be explained
during the test, but the background did not increase significantly, so it is expected that the beam
is still dumped completely in the beam dump.
The width of the “edges” in the plot of the currents in the beam dump is a quantity that
describes the width of the beam in the beam dump. Only with sharp edges a large magnetic
range is usable. A detailed view of the edge is plotted in figure 8.2. This data is the integral of
the electron-beam distribution in the dispersive direction of the magnet. And the first derivative
is the beam profile in this direction, shown as smooth solid line. The width is defined by the
initial width, the scattering angles behind the radiator and the energy spread of the incoming
electron beam. If no scattering occurs and the initial width is about one millimetre the measured
width is directly correlated to the momentum definition of the electrons. Since the data was not
taken without the radiator, these conditions do not apply, but this determination of the energy
spread should be done as a showcase. Here the full width at half maximum is 1.6 A from 97.3 A
to 98.9 A. This corresponds to a momentum range in the centre of the focal plane of 320 keV,
see table C.1. As evaluated in section 4.6 the momentum in the beam dump is a factor Ki/K0
greater than in the focal plane. This would result in a momentum uncertainty of the electron
beam of about 400 keV at 28.2 MeV. At most 0.5 % was expected before the experiment was
started. In future experiments the beam width has to be measured without the radiator to obtain
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Figure 8.2: A detailed scan of the increasing beam current with increasing coil current is dis-
played as crosses. This “edge” is a quantity for the size of the beam in the beam
dump. Only the points correspond to measured values. The lines are only eye
guides. The smooth line is a full-degree bézier curve of the differential points of
the edge.
the initial momentum uncertainty. Furthermore the comparison between a measurement with
and without radiator leads to an estimate for the energy loss in the radiator.
The size of the hole in the yoke is 265 mm which corresponds to the coil-current range
from 99 A to 108 A. The spatial full width at half maximum is then 47 mm.
8.1.2 Background measurements
The main function of the beam dump is to absorb the beam completely without producing too
much background. To analyse the effect of the beam dump the count rate in the focal plane is
monitored as a function of the coil current. This data was taken without a radiator to avoid a
count rate from degraded electrons. Much effort for optimising the beam quality in the beam
line was necessary to minimise the count rate in the focal plane detector to about 100 ·103 s−1
when hitting the beam dump.
This data is displayed in figure 8.3 with the beam current in the beam dump. It shows that
at low magnetic field strength the background is at a minimum. Here the beam is dumped at the
back plane of the spectrometer. From 50 A to 80 A the background increases to 280 ·103 s−1.
Then, from 90 A to 100 A, although the beam dump is not hit the background decreases again
down to 110 ·103 s−1. When hitting the beam dump, between 100 A and 110 A, the background
is still around 110 ·103 s−1. At higher magnetic field strength the background increases again
to over 150 ·103 s−1. Obviously, the beam is dumped completely and additional background is
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Figure 8.3: The upper curve shows the count rate on the left ordinate in one detector element
in the focal plane. The lower curve shows the current detected in the beam dump
on the right ordinate. Both data are taken as a function of the coil current. The
lower limit of 100 ·103 s−1 is the minimum that is observed from 0 A to 50 A and is
basically background from the accelerator.
kept very low. The beam current of 30 nA is a typical current for experiments.
To shield the focal plane detectors and the photomultiplier tubes from background pro-
duced in the beam line a large block of concrete (80×120×120 cm3) was placed directly in
front of the detector chamber. The position has been optimised by some background measure-
ments. The former background of about 100 ·103 s−1 could be reduced to less than 30 ·103 s−1
at the same beam current.
The background at the experimental place a few centimetres next to the collimated photon
beam is not higher than the background without beam. This has been measured with a Ceri-
umtetrafluorid photo detector. A high count-rate could be produced if the magnetic field was
turned down to check the operation of the detector. So it is known, that every event detected at
the experimental place stems from the target in the photon beam.
8.2 First tagged photons
The simplest experiment to demonstrate the operation of the tagging facility is to measure the
photons directly in coincidence with one focal-plane detector, see figure 8.4. For that purpose
only analogous electronics was used for the timing and to generate a gate for an ADC. The ADC
digitised the energy signal from a high-purity germanium detector whose energy resolution is
better that of the tagging facility.
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Figure 8.4: The electron beam hits the radiator from the left side and the degraded electron is
detected in the one detector element of the focal plane. The tagged photon leaves
the magnet at the rear side and is collimated in a copper collimator which is located
inside a thick wall of concrete. The HPGe detector analyses the energy and a simple
coincidence electronic system assigns the photon event with the electron hit in the
focal plane.
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Figure 8.5: The energy signal that is generated by the germanium detector. The histogram is
normalised to the collected charge in the beam dump. The dashed line is a Monte-
Carlo simulation of the detector response. It shows that the right peak at 10250 keV
is the full-energy peak and the peaks at 9740 keV and 9230 keV are the single and
double-escape peaks.
Figure 8.5 shows the energy signal as a histogram. It is normalised to the collected charge
in the beam dump. The absolute accuracy of the normalisation is not very high, because the
beam current was very low and impossible to monitor. From higher and measurable currents
the beam intensity was extrapolated linearly by the background as seen in the focal-plane de-
tectors. With this calibration a beam current of 40(30)pA was estimated. Higher currents led
to very high rates in the detector, which was limited to 15 ·103 s−1. The dashed line shows a
Monte-Carlo simulation of the detector response for the expected photon beam. This region
of the energy spectrum is dominated by the full-energy peak at 10250 keV and the single and
double-escape peaks from pair production and subsequent positron annihilation at 9740 keV
and 9230 keV. The spectrum also includes the deposited energy from Compton scattering that
overlays the full range up to 10000 keV. Although the width of the full-energy peak seems to
be smaller the simulations could only reproduce the spectrum quite well with an energy width
of about 100 keV. This is the energy resolution that is obtained in the experiment and not the
desired resolution of 25 keV. In this experiment we expected an energy definition of the beam
of some 10−3 at 28.2 MeV and the focal-plane detectors were not at the ideal position in the
focal plane, where photons would be tagged with an energy of 7.8 MeV.
The sum of all counts in this spectrum is 20026. Due to the low intrinsic efficiency of the
detector and the large dead time of about 7.8(10) ·107 tagged photons (width: 100(20)keV)




From figure 3.5 about 3 photons per MeV and fC are expected in the full solid angle and
from figure 3.8 about 20 % of all of them reach the detector which was at a distance of 3.6 m
and has a radius of 50 mm. The measured value is twice as large but agrees with the simulation
within the systematic errors.
The count rate in a focal-plane detector was only a few 100 s−1. The limit of 106 s−1 was
reached at about 80 nA which is a factor of 2000 higher than in this experiment. Nevertheless
this current should be possible in experiments. But one has to keep in mind that this is a very
far extrapolation and the direct detection of tagged photons with high energy resolution is not
possible at a high current.
8.3 Future experiments
This section deals with the two main classes of experiments which can be performed at the
photon tagging facility. The first class consists of “prompt coincidence experiments”i where
only fast particles emitted from the target have to be detected. Experiments with slow particles,
when no constant time difference within a few nanoseconds between emission and detection
exists, form the second class, the “delayed coincidence experiments”. The distinction between
fast and slow particles has to be done depending on the needed gate width of the coincidence.
Massive particles need different times-of-flight from the point of emission to the point of de-
tection. For example if time differences of about 100 ns should be regarded as coincident, on
average ten electron events have been detected in the focal plane. Then the coincidence is de-
layed and has be treated in a different way. For time differences of less than 10 ns only one
electron event corresponds to the trigger and standard electronics can be used.
The expected flux density at the target position at a 4.2 m distance from the radiator is
102 cm−2keV−1s−1 and is constant on the central area of 10 cm2. At larger angles the flux
density decreases and reaches half its value at a radius of 75 mm, as is shown in figure 3.8. The
beam is collimated to a radius of 60 mm.
8.3.1 Prompt coincidence experiments
In nuclear resonance-fluorescence experiments with germanium detectors the total time reso-
lution is about 20 ns. At the full rate in the focal-plane detectors of 100 MHz typically two
electron events are detected and both should be recorded, as discussed in chapter 6. If the total
time resolution is less, the gate has to be longer and more random coincidence background will
be produced. Of course experiments with massive particles can be performed if the differences
in time-of-flight are small.
For prompt coincidence experiments simple standard electronics can be used and the tim-
ing and gate generation can be done completely in hardware.
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separation energy































Figure 8.6: Time-of-flight spectra for different detector distances and one excited state. The
plot is similar to figure 6.1. Here the distances of the detector from the target is
0.2 m (right curves) and 2 m (left curves).
8.3.2 Delayed coincidence experiments
If the difference in time-of-flight of massive particles is in the order of 100 ns background
events occur very frequently if a fixed time window is chosen. The idea is to have different time
windows for different focal-plane detectors. Particles with short times-of-flight are produced
by photons with high energy that correspond to electrons with low momentum in the focal-
plane detector. By tuning this window off-line it is possible to erase many background events
from the data. To accomplish this requirement a special multi-hit TDC has to be used, see
chapter 6.
Nevertheless the particle detectors should be arranged very close to the target, because
then the maximum time-of-flight is kept small and less background is recorded. With large
distances the chance for additional electron events that could be assigned to the slow particle
increases.
If one is interested in the final states of the target nucleus one has to increase the distance
of the particle detectors to the target. Then the energy of the travelling particle could be de-
termined by the time-of-flight. Figure 8.6 shows the time-of-flight dependence for different
particle energies as a function of the detector distance. A close detector (10 cm) does not dis-
tinguish between particle energies that differ by 100 keV if the kinetic energy is above 500 keV.
A distant detector can separate these energies up to higher energies.
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8.3 Future experiments
Ki/K0 1.1K0 1.0K0 0.9K0
1.30 4.6 MeV – 6.9 MeV 5.8 MeV – 8.1 MeV 6.9 MeV – 9.2 MeV
1.45 7.2 MeV – 9.3 MeV 8.3 MeV – 10.3 MeV 9.3 MeV – 11.4 MeV
1.70 10.6 MeV – 12.3 MeV 11.5 MeV – 13.2 MeV 12.3 MeV – 14.1 MeV
Table 8.1: This gives an overview about the possible photon energy ranges of the photon tag-
ging facility. The values are valid for a beam momentum of 30 MeV/c and scale
linearly. The left column shows the ratio of the momentum of the incoming beam
and the momentum in the centre of the focal plane. The first two rows show the lower
and the upper limit in low-energy mode and the third row shows the minimum for
high-energy mode. The three right columns are the ranges for different placements
of the focal-plane detectors.
8.3.3 Parameters of the tagging facility
The energy range of the photon tagging facility depends on the possible energy range of the
accelerator, the operation mode of the spectrometer and the location of the focal-plane detec-
tors in the focal plane. In low-energy mode the ratio of accelerator momentum and the electron
momentum in the centre of the focal plane varies from 1.30 to 1.45 by varying the magnetic
field strength, as discussed in section 4.6 and previously in this chapter. So at a typical mo-
mentum of the electron beam of 30 MeV/c the energy range of tagged photons in the centre of
the focal plane is from 6.9 MeV to 9.3 MeV. The focal-plane detectors can be arranged at 10 %
higher momentum and 10 % lower momentum. This gives a total range in low-energy mode
of 4.6 MeV to 11.4 MeV. Of course this photon energy scales linearly with the accelerator
momentum. The energy range that can be tagged simultaneously depends on the amount of de-
tector elements in the focal plane. One detector element covers roughly 10−3 of the momentum
so with 128 detectors it is about 10 %, which is half the accessible focal plane.
The photon-energy ranges for an electron-beam momentum of 30 MeV/c are tabulated in
8.1. The quantity K0 denotes the momentum that is focused in the centre of the focal plane,
and 1.1K0 and 0.9K0 are the momenta at the upper and lower end of the accessible region. The
range stems from the 128 detector elements that are arranged in the focal plane. In the first
column the ratio of the momentum of the incoming beam Ki to K0 is shown. The first two
rows are the lower and the upper limit in low-energy mode where the beam is dumped in the
beam dump on top of the magnet. The third row is the lower limit for high-energy mode, where
the main beam leaves the magnet at the rear side. The range can easily be calculated by the
formulas given earlier in this work. The photon energy is given by energy conservation as
Eγ = Ei−E0
where Ei is the incoming electron energy and E0 is the energy of the electrons that are detected
in the middle of the focal plane at K = K0. The electrons’ energies are given by their momenta
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2 +m2c4 ≈ pc.
The ratio Ki/K0 = Ei/E0 is fixed for a given momentum of the incoming beam and a given
magnetic field strength. So the photon energy is
Eγ = Ei(1−K/Ki)
where K denotes the position on the focal plane, of which the range between 0.9K0 and 1.1K0
is accessible.
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9 Final remarks and outlook
The photon tagging facility has been developed and constructed to fulfil the experimental re-
quirements of a high energy resolution of 25 keV at a photon energy of 10 MeV, a photon range
of at least 6 MeV to 20 MeV, and a full tagging rate of 104 keV−1s−1. These preconditions de-
fine already many of the apparatus parameters. The energy resolution can only be reached if
the size of a detector element in the focal plane corresponds to 25 keV. This in turn defines the
minimum count rate per detector for true coincidences of 2.5 ·105 s−1 to achieve 104 keV−1s−1.
With the scintillating fibres and the photomultiplier tubes a maximum count rate of 1 ·106 s−1
to 2 ·106 s−1 can be processed. This allows a signal-to-noise ratio of at least 1/5. As discussed
in chapters 1 and 6, it does not cause many random coincidences. The drawback of the fibres
as detector elements is the minimum width of about 1 mm [End07], which demands a large
focusing magnet to reach a dispersion of at least 1.25 ·10−3 mm−1. The financial budget even
allowed a larger magnet to reach 0.9 ·10−3 mm−1. The specification of a total tagging rate of
104 keV−1s−1 also defines already the flux density at the target position due to the photon an-
gles. The expected flux density is about 100 cm−2keV−1s−1 at four metres behind the radiator,
see chapter 3. A factor of one hundred could be gained with polycrystalline diamond detectors
in the focal plane, but there were no standard electronics available and not even the experience
in detecting single electron events [Ber04]. Of course this is an option for a future upgrade.
The experiment has shown that the momentum definition of the accelerator can be reached.
Better resolution is expected after the upgrade of the radio-frequency control units. The sim-
ulated photo-production yield of three photons per MeV and fC could be confirmed within a
large error which originates from the insufficient estimation of the beam current below values
of 250 pA.
The test experiment has been performed with 32 of the 128 focal-plane detectors. Until
spring 2008 the complete set of detectors will be tested and installed at the tagging facility.
During 2008 first (γ ,n) experiments with fast neutrons will be performed. Experiments with
slow neutrons (below 200 keV) need new detectors that will be delivered during the second
half of 2008. The low-energy limit of experiments with slow particles depends highly on the
detection efficiency in this range.
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A CAD drawing of the tagging spectrometer. The radiator is placed before the electron




B Data from raytracing
B.1 Focal plane
K/K0 r/mm z/mm @ 5 % z/mm @ 50 % z/mm @ 95 % ∆K/(10−3K0)
0.9168 106 -637.1 -637.0 -636.2 0.0000
0.9202 102 -640.7 -640.6 -639.8 0.8738
0.9236 99 -644.3 -644.2 -643.4 0.8661
0.9270 95 -647.9 -647.7 -647.0 0.8547
0.9304 91 -651.5 -651.3 -650.6 0.8303
0.9338 87 -655.1 -655.0 -654.2 0.8149
0.9372 82 -658.7 -658.6 -657.8 0.8094
0.9406 77 -662.4 -662.2 -661.5 0.8217
0.9440 73 -666.0 -665.9 -665.1 0.8425
0.9474 70 -669.7 -669.6 -668.8 0.8395
0.9508 66 -673.4 -673.2 -672.5 0.8067
0.9542 62 -677.0 -676.9 -676.2 0.7699
0.9576 57 -680.7 -680.6 -679.9 0.7266
0.9610 52 -684.4 -684.4 -683.7 0.6949
0.9643 47 -688.2 -688.1 -687.4 0.7078
0.9677 43 -691.9 -691.8 -691.1 0.7226
0.9711 38 -695.7 -695.6 -694.9 0.7289
0.9745 35 -699.5 -699.4 -698.6 0.7509
0.9779 30 -703.3 -703.2 -702.4 0.7461
0.9813 26 -707.1 -707.0 -706.2 0.7523
0.9847 20 -710.9 -710.8 -710.1 0.7187
0.9881 16 -714.7 -714.6 -713.9 0.7276
0.9915 12 -718.6 -718.4 -717.7 0.7225
0.9949 8 -722.4 -722.3 -721.6 0.6875
0.9983 3 -726.2 -726.2 -725.5 0.6560
1.0017 -1 -730.1 -730.0 -729.4 0.6281
1.0051 -6 -734.0 -733.9 -733.3 0.6174
Table B.1: Ray-tracing data for the focal plane, continued on next page.
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B Data from raytracing
K/K0 r/mm z/mm @ 5 % z/mm @ 50 % z/mm @ 95 % ∆K/(10−3K0)
1.0085 -11 -737.9 -737.8 -737.2 0.6137
1.0119 -15 -741.8 -741.7 -741.1 0.6202
1.0153 -20 -745.7 -745.7 -745.0 0.6396
1.0187 -26 -749.7 -749.6 -748.9 0.6499
1.0221 -30 -753.7 -753.6 -752.9 0.6523
1.0255 -35 -757.6 -757.5 -756.9 0.6416
1.0289 -39 -761.6 -761.5 -760.9 0.6443
1.0323 -44 -765.6 -765.5 -764.9 0.6312
1.0357 -49 -769.6 -769.5 -768.9 0.6341
1.0390 -55 -773.6 -773.6 -772.9 0.6271
1.0424 -59 -777.7 -777.6 -776.9 0.6109
1.0458 -64 -781.7 -781.6 -781.0 0.6178
1.0492 -69 -785.8 -785.7 -785.1 0.5979
1.0526 -74 -789.8 -789.7 -789.1 0.5910
1.0560 -79 -793.9 -793.8 -793.2 0.5699
1.0594 -84 -798.0 -797.9 -797.3 0.5582
1.0628 -89 -802.1 -802.0 -801.4 0.5833
1.0662 -94 -806.3 -806.1 -805.5 0.5885
1.0696 -99 -810.4 -810.3 -809.7 0.5799
1.0730 -105 -814.5 -814.4 -813.8 0.5806
1.0764 -110 -818.7 -818.6 -818.0 0.5868
1.0798 -118 -822.9 -822.8 -822.2 0.5951
1.0832 -123 -827.1 -827.0 -826.4 0.5923
1.0866 -126 -831.3 -831.2 -830.6 0.5871
1.0900 -132 -835.6 -835.4 -834.8 0.5774
1.0934 -138 -839.8 -839.7 -839.1 0.5989
1.0968 -146 -844.1 -843.9 -843.3 0.6050
1.1002 -150 -848.3 -848.2 -847.6 0.6045
1.1036 -156 -852.6 -852.5 -851.9 0.5944
1.1070 -161 -856.9 -856.8 -856.2 0.5995
1.1104 -167 -861.3 -861.1 -860.5 0.6146
1.1138 -172 -865.6 -865.4 -864.8 0.6204
1.1171 -180 -870.0 -869.8 -869.2 0.6147
Table B.1: Ray-tracing data for the focal plane. The table shows the position of the focus for
different momenta K/K0. Given is the coordinate r and three values for z. The
percentage gives the ratio of electron orbits that is at lower z. The rightmost value
is the momentum resolution that is derived from the difference of z @ 5 % and
z @ 95 %.
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C Data from magnetic field
measurements
C.1 Current dependence
I/A B↑ /mT B↓ /mT B↑ /mT B↓ /mT p0/(MeVc−1)
0 4.2 6.5 6.5 6 0.44
20 56.8 61.9 58.6 62 4.60
25 70.6 75.5 71.3 76 5.64
30 83.5 89.2 84.5 89 6.61
35 97.7 103.0 97.9 103 7.65
40 112.0 116.7 111.4 117 8.69
45 125.5 130.7 124.8 131 9.73
50 140.0 144.4 138.5 144 10.6
55 151.5 158.2 152.0 158 11.7
60 165.2 171.7 165.7 172 12.7
65 178.7 185.5 179.5 186 13.8
70 192.0 199.1 192.9 199 14.7
75 205.5 212.7 206.5 213 15.8
80 219.5 226.3 220.3 227 16.8
85 232.7 240 233.8 240 17.8
90 246.4 254 247.3 254 18.8
95 259.8 267 261.6 267 19.8
100 273.3 281 274.4 281 20.8
105 287 294 287.9 294 21.8
110 300 308 301 308 22.8
115 314 321 315 321 23.8
120 327 334 328 334 24.8
125 341 348 341 348 25.8
130 354 360 354 360 26.7
135 366 373 367 373 27.7
Table C.1: Magnetic field data for different currents, continued on next page.
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Figure C.1: The data of the fourth column of table C.1 is plotted. Above 110 A the effect of
magnetic saturation is noticeable.
I/A B↑ /mT B↓ /mT B↑ /mT B↓ /mT p0/(MeVc−1)
140 380 386 380 386 28.6
145 393 398 394 398 29.5
150 406 410 406 410 30.4
155 419 422 420 422 31.3
160 432 432 432 432 32.0
Table C.1: The strength of the magnetic field at a point in the mid-plane at r = 314 mm. The
first column is the set value for the current in the magnet. The absolute uncertain-
ties are on the order of 5 mA and the relative stability is more than one order of
magnitude below. The field was measured four times, twice with increasing cur-
rent (B↑) and twice with decreasing current (B↓). The last column is the according
momentum that is related to K = K0.
To determine the associated momentum p = γmv equation (C.1) can be used,
p0 = f (r) ·K0 ·eB0, (C.1)
where is e is the charge of an electron, K0 = 0.7426, and B0 the product of the magnetic field
B and the coordinate r. Of course this is only true if r is measured at a location where fringe
effects do not disturb. This is definitely not true for the point at r = 314 mm as shown in
figure C.2.



























Figure C.2: Plotted is the measured magnetic induction and the calculated 1/r dependence of
the magnet. Differences are due to fringe-field effects, especially up to 350 mm.
figure C.3. For r = 314 mm this factor is 1.062, see table C.2. The momenta are given in the
fifth column of table C.1.
r/mm f (r) r/mm f (r) r/mm f (r) r/mm f (r)
102 709.8 177 36.0686 252 2.80138 327 1.02796
107 553.88 182 30.0257 257 2.45485 332 1.02083
112 439.664 187 24.9566 262 2.166 337 1.01565
117 353.327 192 20.7496 267 1.92555 342 1.01195
122 285.159 197 17.2431 272 1.72647 347 1.00921
127 232.812 202 14.3459 277 1.56317 352 1.00725
132 191.451 207 11.9492 282 1.43091 357 1.00574
137 157.687 212 9.98245 287 1.32544 362 1.00458
142 130.461 217 8.36131 292 1.24294 367 1.00373
147 108.341 222 7.03592 297 1.17963 372 1.00301
152 90.0082 227 5.9486 302 1.13186 377 1.00247
157 74.9663 232 5.05627 307 1.09639 382 1.00202
162 62.4461 237 4.32266 312 1.07037 387 1.00167
167 52.0125 242 3.71805 317 1.05149 392 1.00135
172 43.3102 247 3.21742 322 1.03783 397 1.00112
Table C.2: The fringe field correction factor is the quotient of 1/r behaviour and the measured
field.
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Figure C.3: The relative deviation of 1/r and the magnetic field strength as a function of r.
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